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ABSTRACT  
 
Impaired gait dynamics are associated with increased falls risk, and are worse in cognitively 
impaired older adults. Dual-tasking is the performance of a second task, cognitive or physical, 
while walking. Dual-tasking impairs gait in individuals with deficits in cognitive function, 
and may reveal abnormalities in gait dynamics not observed under single-task conditions, 
known as ‘dual-task cost’. 
 
The aims of this thesis were to review the literature on dual-task costs on gait dynamics in 
adults with cognitive impairment, and to identify clinical characteristics associated with this 
cost in older adults with Mild Cognitive Impairment (MCI) or dementia. 
 
First, a systematic review of 25 articles that measured single- and dual-task walking in adults 
with MCI or dementia was conducted. Findings suggested that gait is worsened under dual-
task conditions compared to single-task conditions. Furthermore, dual-task cost is higher in 
individuals with cognitive impairment compared to cognitively healthy older adults, and 
similarly, higher in adults with dementia compared to adults with MCI. Research is lacking 
into nonlinear gait dynamics, the relationship to fall risk, and other characteristics which may 
be associated dual-task gait dynamics. Next, data from an acute exposure to dual-tasking in 
93 adults with MCI were used to explore linear and nonlinear effects of dual tasking on gait 
dynamics. Gait dynamics were assessed using stride time variability and detrended 
fluctuation analyses fractal scaling exponent. Cognitive, physical and psychosocial function 
and brain morphology were assessed to identify any associations with gait dynamics. Gait 
dynamics worsened significantly during dual-tasking, while cognitive performance was 
preserved. Additionally, a higher dual-task cost of gait dynamics was associated with lower 
-xi- 
 
aerobic fitness, poorer balance, reduced psychological well-being, and reductions in brain 
thickness and volume in the posterior cingulate and hippocampus respectively.  
 
Dual-task costs are accentuated in the presence of cognitive dysfunction. Observed 
associations with physical fitness, psychological well-being and brain volumes suggest that 
interventions targeting these modifiable characteristics could potentially improve dual-task 
performance, and ultimately falls risk, in adults with cognitive impairment.  

-1- 
CHAPTER 1: INTRODUCTION 
 
1.1 RATIONALE 
One-third of adults over 65 years of age fall each year [1, 2], and that fall risk is doubled 
among older adults with cognitive impairment [3]. Approximately 10% of falls are injurious 
[4], and as a leading cause of injury-related hospitalisations [5], the overall cost of falls in the 
United States of America is approximately US$50 billion [6], and more than $600 million 
per year in Australia [7].  
 
The high global prevalence of falls has prompted research into the prevention and 
identification of risk factors associated with falls [8]. Potential risk factors for older adults 
include, but are not limited to, sarcopenia, dizziness, gait dysfunction, visual disorders, 
postural hypotension, balance impairment and cognitive dysfunction [9]. The multifactorial 
nature of falls has been well studied in cognitively healthy older adults, however, less is 
known about the nature and interrelationship of risk factors in cognitively impaired older 
adults [10].  
 
Variations in gait are important because they contribute to mobility and functional 
impairment, and predispose individuals to falls [11]. When a secondary task is added to 
walking, cortical control may be challenged and walking regulation may become worse, 
leading to a further increase in risk in those already predisposed to fall [12]. Additionally, 
changes in cognitive functioning contribute to an increased risk of falls, with risk of falls 
heightened under dual-task walking conditions [13]. Dual-task walking is the performance of 
a second, concurrent task while simultaneously walking. Therefore, people with cognitive 
impairment are more likely to have a gait pattern that is variable, especially under dual-task 
-2- 
conditions, which may increase their risk of falls. Therefore, this thesis specifically focuses 
on gait characteristics in relation to walking under single and dual-task conditions and the 
relationships between cognitive impairment and falls risk, as well as demographic, 
psychological and physiological factors.  
 
1.2 BACKGROUND 
Gait dynamics 
A healthy gait appears to flow effortlessly and rhythmically and is characterized by an upright 
posture and freely swinging legs [14]. The analysis of gait is commonly performed in clinical 
settings to assist in the risk assessment of falls and other neuro-motor outcomes [15]. 
Measurement methods can vary with assessment choice dependent on the purpose of the 
assessment, the cost and usability of equipment, and the assessment environment. 
Independent of gait assessment, gait characteristics are usually defined as either spatial, 
temporal and, further, as linear nonlinear [16]. Examples of spatial aspects include step length 
and step width, while temporal aspects include stride time and swing time. Nonlinear 
measures include the unique analysis of temporal gait aspects to determine stability using 
fluctuation metrics such as the calculation of a fractal scaling exponent using detrended 
fluctuation analyses (DFA) of stride time.   
 
One purpose of gait analysis is to better understand the dynamics of an individual’s gait. Gait 
dynamics is a broad term used to describe the magnitude of stride-to-stride fluctuations and 
their change over time during walking [4]. It encompasses all aspects of gait variability and 
nonlinear changes. Gait variability is identified by intra-individual stride-to-stride 
fluctuations in walking parameters such as stride time and step length [17]. Gait variability 
assumes larger stride-to-stride fluctuations reflect poorer control of gait. Variations can be 
observed during different aspects of the gait cycle and impact the dynamics of gait. Gait 
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variability outcomes are commonly measured by distributional metrics, including coefficient 
of variation and standard deviation [18]. Distributional metrics are used for linear systems 
and quantify the magnitude in variation in a set of spatial or temporal outcomes independently 
of the order in the distribution [19]. Alternatively, nonlinear measures quantify the degree of 
randomness in highly non-stationary physiological data. Stride interval time series data 
exhibit long-range, power law correlations in the gait rhythm [20]. The self-similar, or fractal, 
correlations highlight the presence of a ‘memory’ in the neurophysiological locomotor 
control system where fluctuations are related to variations in the stride interval hundreds of 
strides earlier [4]. Specific tools including DFA, approximate entropy and largest Lyapunov 
exponent, have been developed for nonlinear systems to determine variation in how a motor 
behavior emerges in time [19, 21]. Nonlinear measures aim to eliminate temporal trends, 
which avoids the detection of correlations from non-stationary artifacts.  
 
Recognition of the complex and multifactorial nature of gait dynamics has led to many 
investigations to understand why such stride-to-stride or step-to-step variations occur and 
what clinical implications they have [17]. Linear and nonlinear measures of gait dynamics 
use different methods to assess and quantify the changes in gait variability and stability. As 
described above, linear measures capture the magnitude of the changes and nonlinear 
measures capture changes over time. The collection of both linear and nonlinear types of gait 
outcomes are necessary to completely understand gait dynamics and associated factors.  
 
Cognitive impairment  
There is evidence that a more variable gait pattern is associated with cognitive decline in 
older adults, particularly with the executive function domain [22]. Executive function (EF) 
refers to the cognitive skills responsible for the planning and sequencing goal-oriented tasks 
-4- 
and the execution of complex activities. Executive function is most often operationalized by 
assessments of working memory, attentional controls, and response inhibition [23]. Executive 
function impairment has been associated with poorer performance in both spatial and 
temporal gait variability measures in community-dwelling older adults [24], as well as in 
individuals with the diagnosis of Mild Cognitive Impairment (MCI), dementia and 
Alzheimer’s disease (AD) [25]. Mild cognitive impairment reflects a transitional state 
between normal aging and AD [26], as well as being a prodrome to other forms of dementia, 
including vascular dementia, particularly in subcortical microvascular disease [27]. 
According to Peterson (1999) [26], MCI can be defined as the following: (1) self-reported 
memory complaints, preferably verified by an informant, (2) objective memory disorder, (3) 
absence of other cognitive disorders and normal function in everyday life, (4) normal general 
cognitive function and (5) absence of dementia. Individuals with MCI experience declines in 
cognitive function of  6–10% per year compared to 1–2% in cognitively healthy older adults 
[28], resulting in a 10-15 times higher risk of developing AD [29].  
 
The sequencing of cognitive and gait impairments is not clear in MCI as most studies to date 
have been cross-sectional, and thus it is not known whether executive function decline 
precedes or follows changes in gait stability. Executive function contributes to the 
performance of normal walking, and works collectively with sensorimotor systems and other 
cognitive domains, i.e., attention, to ensure safe and efficient gait [30]. It is possible that 
impaired gait dynamics may be an early sign of brain pathology which precedes the 
manifestation of overt cognitive difficulties, and it is thus important to comprehend the 
relationship of these two domains. Additionally, given the higher risk of falling in individuals 
with cognitive impairment [31], it is important to understand in this cohort specifically, 
-5- 
whether the performance of complex tasks, involving simultaneous targeting of different 
aspects of motor control and cognition, increase fall risk, as reviewed below.  
 
Dual-task walking 
Lundin-Olsson and colleagues [2] first reported that nursing home residents who were 
observed clinically to stop talking when walking were at a significantly higher risk of falls 
over the next 6 months, compared to those subjects who were able to walk and talk. Since 
then, dual-tasking, including ‘walking while talking’ has been investigated as a potential 
marker of mobility, cognitive impairment and fall risk [32]. Dual-tasking, the performance 
of two tasks simultaneously, is a clinically relevant condition that attempts to recreate in the 
clinic or laboratory situations where community-dwelling older adults are at a heightened risk 
of falling [17]. Dual-tasking has been shown to increase gait variability in adults, especially 
in individuals with cognitive impairment. For example, temporal gait variability measures are 
significantly worsened under dual task conditions in older adults with MCI and AD compared 
to age-matched normal controls [33]. Dual tasking impairments are a known motor 
characteristic of MCI, and are a potential marker for further cognitive decline [34]. 
 
1.3 FINDINGS FROM PREVIOUS STUDIES 
Gait dynamics have been shown to remain relatively stable over time in cognitively healthy 
individuals [35] but to worsen over time in cognitively impaired individuals [36]. 
Additionally, gait dynamics [37] and risk of falls are increased in older adults with MCI 
compared to cognitively healthy older adults [38], with those who are cognitively impaired 
and have fallen having worse gait dynamics compared to those who are cognitively impaired 
but have not fallen [39]. Gait changes under dual-task conditions have also been associated 
with future fall risk in cognitively healthy community-dwelling older adults [40]. Linear and 
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nonlinear measures of gait dynamics may hold the predictive ability to distinguish between 
healthy and fall-prone older adults [16]. 
 
Stride time variability [41] and stride length variability [42] have been repeatedly shown to 
increase under dual-task conditions compared to single-task conditions. Such dual-task 
conditions increase gait variability for both healthy adults and adults with MCI, however, 
decrements in performance are different across the cognitive spectrum, with larger 
decrements  observed in those who are cognitively impaired [33, 37, 43]. Notably, under 
dual-task conditions cognitively healthy older adults have been reported to prioritize 
cognition over motor performance, referred to as the ‘cognitive-first’ approach [44]. This 
pattern is also seen in adults with MCI, who when asked to prioritize either their gait or 
cognitive performance during a dual-task experiment, increase gait variability just as they do 
with dual-tasking with no instructions regarding task prioritisation [43].  
 
Recent reviews of the literature have focused on the relationships between gait dynamics and 
individuals with neurological disorders [18], and use of interventions to target dual-task 
performance [45-47]. Several studies implementing interventions targeting dual-task 
performance have shown improvements in dual-task gait dynamics in healthy individuals [46] 
and individuals with neurodegenerative disease [47]. However, there are too few studies to 
generalize the effects of the interventions. Muir-Hunter and colleagues [40] noted a lack of 
evidence-based recommendations for dual-task testing to evaluate fall risk in clinical practice. 
Finally, research has begun to explore gait characteristics associated with falls in dementia, 
including AD [48]. For example, step length variability has been associated with recurrent 
falls and the use of mobility aids and walking outdoors, and reduced walking frequency 
(amount of time spent walking) has been associated with increased falls risk in individuals 
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with dementia [48]. There is great interest in preventing falls by studying a cohort at high risk 
for both dementia and gait dynamics under dual-task conditions: older adults with MCI. 
Understanding the clinical characteristics which are associated with dual-task gait dynamics 
in older adults with MCI is critical to the development of preventative strategies that will 
hopefully preserve gait despite intrinsic and environmental stressors known to trigger falls.  
 
1.4 OBJECTIVES 
To prevent falls and improve gait dynamics in those at risk, an understanding of the changes 
which occur in people with cognitive impairment when dual-tasking is necessary to identify 
potential targets for the development of better fall reduction strategies. The aim of this thesis 
was to advance the knowledge of dual-task gait dynamics in older adults with mild cognitive 
impairment and dementia, and to identify clinical and physiological characteristics associated 
with these dynamics.  
 
The following objectives were investigated within this thesis:  
1. To evaluate the effect of dual-task walking on changes in gait dynamics, termed dual-
task cost, for older adults with cognitive impairment; 
2. To explore if the degree of cognitive impairment, dual-task paradigm and/or gait 
dynamic measure influences the dual-task cost of gait dynamics in cognitively 
impaired older adults;  
3. To identify characteristics associated with the dual-task gait dynamics of cognitively 
impaired older adults; 
4. To determine the extent of changes in gait and the performance of a secondary 
cognitive task during dual-task walking in older adults with cognitive impairment; 
-8- 
5. To explore associations with dual-task performance/costs, specifically strength, 
aerobic capacity, functional performance, psychosocial function, and brain 
morphology in adults with cognitive impairment. 
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2.2 ABSTRACT  
Objectives 
Cognitively impaired individuals have greater variability in gait dynamics than cognitively 
healthy individuals. The stress of dual-tasking reveals abnormalities in gait dynamics not 
observed under single-task conditions, and may be particularly relevant in individuals with 
cognitive impairment. We aimed to review the cost of dual-tasking on gait dynamics in 
cognitively impaired older adults, according to cognitive function diagnosis, type of dual-task 
paradigm used and/or method of gait dynamics measurement, as well as to identify any clinical 
characteristics associated with dual-task costs.  
 
Method 
This systematic review was conducted according to the PRISMA guidelines and prospectively 
registered in the PROSPERO database (no. CRD42018105787). An electronic database search 
was conducted on the 9th August 2018 in the following databases; Ageline, CINAHL, EBM 
review database CCRCTs, EMBASE, Medline, PEDro, PsychINFO, Scopus and Web of 
Science. An email alert system for new published articles was set up, with the last record from 
this alert system screened on the 15th February 2019. A random-effects meta-analysis was 
performed when I2 was <75%, alternatively, a narrative synthesis was undertaken.  
 
Results  
Among 16,519 citations, 25 articles met the inclusion criteria. All studies included a single- 
and dual-task walking condition for a cognitively impaired group [Mild Cognitive Impairment 
(MCI) or dementia]. Fourteen studies included a cognitively healthy comparison group and 
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3studies included both an MCI group and a dementia group.  Twenty-seven different 
spatiotemporal and nonlinear measures of gait dynamics and 20 different dual-task procedures 
were identified in this literature. Gait dynamics in cognitively impaired older adults are 
worsened under dual-task conditions compared to single-task conditions. In individuals with 
cognitive impairment, the dual-task cost is higher than it is in healthy older adults. A meta-
analysis included the 3 studies that allowed for a direct comparison between adults with 
dementia and MCI, and showed a significantly greater dual-task gait cost in dementia vs. MCI, 
with a relative effect size of 0.60 [0.22, 0.99]. 
 
Conclusions 
Cognitive disease severity increases as gait dynamics become more impaired. Research is 
lacking into nonlinear gait dynamics, the relationship to fall risk, and other characteristics which 
may be associated dual-task gait dynamics. More well-designed longitudinal studies and 
controlled trials with adequately powered samples are needed to confirm the clinical utility and 
predictive value of dual-task gait testing, as well as to provide a consensus on the most robust 
methods of dual-tasking and gait outcome assessment.  
 
Key words  
Dual-task, Gait variability, Cognitive impairment, MCI, Dementia. 
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2.3 INTRODUCTION 
Consistent, safe walking is essential for older adults to maintain independent living and avoid 
falls [1]. Falls are a global public health concern, due to the increasing number of older people 
world-wide [2]. One-third of adults over 65 years of age fall each year [3], resulting in an annual, 
overall cost of more than $600 million in Australia [4]. Although falls are multifactorial, stride-
to-stride fluctuations within an individual’s walking pattern (also referred to as gait dynamics) 
[5] reduce the stability of gait and the ability to resist perturbations or stressors leading to falls. 
One such stressor is dual-tasking, which refers to the performance of two tasks simultaneously, 
such as walking and talking. Dual-task paradigms are used in research to recreate situations 
where adults are at increased risk of falling [6]. In particular, dual-task walking has been 
investigated as a potential marker of mobility and falls risk in individuals with cognitive 
impairment [7], where the additional task acts as a cognitive stressor, diverting attention away 
from stable locomotion in those who have fewer cognitive reserves to cope with such stressors 
[8]. Gait dynamics are worsened under these dual-task conditions, with future fall risk predicted 
by the magnitude of gait instability induced by dual-tasking [9].  
 
Thus, the gait dynamic response to dual-tasking has been used to explore the relationships 
between motor and cognitive function. For example, dual-task gait dynamics are worse in 
cognitively impaired older adults than in their healthy counterparts [10, 11]. This dual-task 
deficit, called ‘dual-task cost’, has been identified as a motor characteristic of cognitive 
impairment, specifically mild cognitive impairment (MCI) [8]. Mild cognitive impairment 
reflects a transitional state between normal aging and AD [12], and can be further described as 
amnestic or non-amnestic [13]. Given the doubled risk of falling in adults with cognitive 
-19- 
impairment compared to healthy adults [14, 15], it is important to understand whether 
performance of complex tasks, involving simultaneous targeting of different aspects of motor 
control and cognition, is a major mediator of this increased fall risk. Despite the reported 
associations [10] between dual-task cost and falls risk in adults with cognitive impairment, there 
are limitations and inconsistencies within the literature. Previous reviews have summarized the 
effects of dual-tasking on gait dynamics in neurological populations [16-18], attempted to 
determine if  dual-tasking can help discriminate adults with MCI from cognitively healthy adults 
[19] and adults with dementia [20], as well as the association of dual-task walking on risk of on 
falls [21]. However, no review to our knowledge has solely focused on the effects of dual-tasking 
on linear and nonlinear gait dynamics in cognitively impaired populations free from other 
neurological diseases.  
 
Therefore, the purpose of this review was to investigate the effects of dual-task walking on gait 
dynamics in cognitively impaired adults, with detailed assessment of the different gait dynamics 
measures, dual-task conditions and levels of cognitive impairment. Our objectives were: 1) to 
evaluate dual-task costs in older adults with cognitive impairment, 2) to investigate differences 
in cost attributable to cognitive function diagnosis, type of dual-task paradigm used and/or 
method of gait dynamics measurement, and 3) to determine physiological and clinical 
characteristics related to dual-task cost in cognitively impaired older adults. To our knowledge 
this is the first systematic review to investigate the impact of cognitive and/or motor dual-task 
walking conditions on gait dynamics measures in adults with cognitive impairment.  
 
2.4 METHODS 
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Protocol and registration  
The protocol was prospectively registered with PROSPERO under registration number 
CRD42018105787 at: http://www.crd.york.ac.uk/PROSPERO/ on 17/09/2018 date. 
 
Eligibility criteria 
Studies were eligible if they met the following criteria: (a) participants subjected to both single- 
and dual-task walking conditions within a cross-sectional study design, or at baseline  for a 
longitudinal observational or experimental study design; (b) full-length article was published in 
a peer reviewed journal or an unpublished thesis accessible by reasonable means; (c) human 
participants with at least one type of diagnosed objective cognitive impairment, broadly 
including mild cognitive impairment (MCI) and dementia, including Alzheimer’s disease (AD), 
vascular dementia, frontotemporal dementia, or other variations with the exception of 
Parkinson’s Disease or Lewy Body dementia; (d) a cognitive or motor dual-task walking 
condition defined as the “simultaneous processing of two (and sometimes more) sources of 
information” [22]; (e) a single-task walking condition to allow for isolation of the effects of the 
dual-task condition; and (f)  one or more objective measures of gait dynamics defined as spatial, 
temporal or nonlinear intra-individual stride-to-stride or step-to-step fluctuations in walking 
parameters [5]. 
 
Studies were excluded if: (a) cognitively impaired participants were grouped with and could not 
be separated from participants with: a documented disease with motor effects that had the 
potential to impact gait, including but not limited to Parkinson’s disease, Lewy body dementia, 
multiple sclerosis (MS), cerebral palsy, spinal cord injury, traumatic brain injury or any other 
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disease that has known motor effects on gait; peripheral neuropathy from any cause, including 
but not limited to chemotherapy, Charcot-Marie-Tooth (CMT) disease, diabetes mellitus, or 
alcoholism; an intellectual disability at birth; cognitive decline due to a delirium or any cause, 
psychiatric disorder, medication or other substance use; (b) participants had self-reported 
memory concern or a subjective cognitive impairment without a formal diagnosis of cognitive 
impairment; (c) participants had undergone one or more above knee amputation (AKA) or below 
knee amputation (BKA), or were born without one or part of, their lower limb(s) greater than 
that of a single toe; (d) the dual-task gait dynamics outcome of participants with cognitive 
impairment was unable to be isolated from participants without cognitive impairment; (e) gait 
dynamics outcomes were unable to be extracted from the article. The exclusion of studies of 
neurological diseases or musculoskeletal conditions noted above was applied in order to focus 
on the cognition or age-related gait dynamics rather than deficits related to these specific 
pathologies, which may require different future preventive or therapeutic strategies. 
 
Search strategy  
The following electronic databases were selected from the earliest possible date to February 
2019: Ageline, CINAHL, EBM review database CCRCTs, EMBASE, Medline, PEDro, 
PsychINFO, Scopus and Web of Science. Further, email alerts were set up on all databases and 
reviewed weekly until 15th February 2019. To maximize the search sensitivity, the search 
strategy included a combination of ‘intervention’ and ‘outcome’ terms, however, it did not 
include ‘population’ or ‘comparison’ terms. The intervention terms included ‘dual task*’ OR 
‘dual-task*’ OR ‘multi task*’ OR ‘multi-task’ OR ‘secondary task*’ OR ‘attention task*’ OR 
‘cognitive task*’ OR ‘motor task*’ OR ‘two task*’ OR ‘2 task*’. The outcome terms included 
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walk* OR gait OR locomot* OR ambulat* OR stride* OR step* OR ‘double limb’ OR ‘double-
limb’ OR ‘double support’ OR ‘swing time’ OR ‘stride-to-stride’ OR ‘stride to stride’ OR ‘foot 
clearance’ OR mobility OR stability OR instability OR ‘gait variability’ OR ‘centre of pressure’ 
OR ‘center of pressure’ OR COP OR ‘centre of mass’ OR ‘center of mass’ OR COM OR ataxia 
OR McRoberts OR ‘Gait Up’ OR APDM OR GAITRite OR Axivity OR AX3 OR Opal* OR 
Pedar OR Zeno OR Gyroscope* OR Lyap* OR fractal. The coding of the search strategy for 
each database was customized to search multipurpose (.mp) and the intervention and outcome 
searches were then combined with ‘AND’ to produce the final results pool. No language or date 
restrictions were applied to the search strategy. A full electronic search strategy example is 
presented in Table 2.1. Further eligible trials were hand-searched from the reference lists of all 
eligible studies and relevant reviews. Where necessary, authors were contacted for full text 
articles or complete gait dynamics datasets in order to identify potential additional studies or 
clarify data extracted. 
 
Study selection 
One reviewer (TH) performed the literature search and study selection process, which included 
the removal of duplicate articles and articles with irrelevant titles or abstracts. The full texts of 
the remaining articles were read (TH and TV), with all articles that did not meet the inclusion 
criteria removed, and reasoning documented. Any disagreements were resolved by consensus 
with other authors (YM and MFS). Remaining eligible articles were included in the systematic 
review. In the case that 2 papers were published with the same data set, the paper that was first 
published was included [23, 24].  
 
-23- 
Data collection process 
TH extracted data from each eligible article into pilot-tested collection tables. The data were 
verified by direct comparison to the original article (TV).  Any discrepancies or disagreements 
in data were reviewed and resolved by consensus prior to tabulation (MFS). The data extraction 
tables were subsequently refined for increased readability for final manuscript publication. In 
the case that multiple walking trials for the same walking condition were conducted, the data 
that were collected first were included for analysis to be consistent with studies that included 
only 1 trial [25]. In the case of a longitudinal trial with repeated testing, only the baseline data 
were used for analysis [26, 27]. In the case that there was more than 1 “healthy” comparison 
group, the group that was most closely matched in clinical characteristics (e.g., age, clinical 
status) to the cognitive impairment group was included for analysis [28, 29].  
 
Risk of bias assessment 
Risk of bias and quality of the included articles were independently appraised by 2 reviewers 
(TH and TV) using a modification of the 27-point Downs and Black checklist [30]. Appraisal 
was based on reporting, internal validity (bias and confounding) and external validity. Papers in 
this review were likely to investigate dual-task walking as an acute exposure. Due to the nature 
of this review, items related to follow up (items 9, 17, 26) were not relevant and not included for 
scoring. Additionally, item numbers 5, relating to confounder distribution, and 27, relating to 
statistical power, were modified to be consistent with the scoring of other items (i.e., alteration 
from a 0 to 2 scale, and a 0 to 5 scale, to a 'no, 0; unable to determine, 0; and yes, 1'). Criterion 
23 was altered for increased specificity to read: ‘Was the order of the walking tasks (single and 
dual) randomized for study subjects?’. To determine if studies were sufficiently powered, a 
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clinically significant dual-task cost was defined with reference to the paper by Springer et al. 
[31] which reported the difference in dual-task cost between fallers and non-fallers. Therefore, 
the maximum modified Downs and Black score possible was 24, with a higher score indicating 
better quality.  
 
Summary measures 
Primary outcome measures included the objective measurement of spatial, temporal or nonlinear 
measures of gait dynamics of stride width, stride time, foot clearance, swing time, stance time, 
inconsistency of variance and other aspects of gait dynamics. Gait dynamics could be measured 
by any device that recorded intra-individual stride-to-stride fluctuations in walking parameters 
[5]. Outcomes may have been expressed as linear measures of gait dynamics such as a co-
efficient of variation (CV) or standard deviation (SD) of stride-to-stride or step-to-step 
fluctuations, or nonlinear measures such as approximate entropy (ApEn) or detrended fluctuation 
analysis (DFA), which quantify gait irregularity and unpredictability over time-series data [32]. 
Adverse events related to the dual-task paradigm were extracted if reported, such as falls. 
 
Synthesis of results and Analyses 
Studies were split into 3 groups; (a) studies without a control comparison group; (b) studies that 
allowed for a comparison between adults with MCI or dementia with adults with a cognitively 
healthy control comparison group; and (c) studies that allowed for a direct comparison between 
adults with dementia and adults with MCI.  
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The primary outcome of interest for this review was gait dynamics as defined above. Gait speed, 
number of new falls in the past 12 months (or any shorter time frame) and number of injurious 
falls in the past 12 months (or any shorter time frame), visual impairment, hearing impairment, 
orthostasis, physical fitness such as aerobic capacity, strength, balance or functional capacity, 
depressive symptoms, self-efficacy, nutritional status and quality of life were extracted as 
secondary outcomes if reported.  
 
The main data extracted were any quantifiable effects noted on the primary outcome of gait 
dynamics, including means and standard deviations (SD) or other summary statistics as 
appropriate to the data. The data extracted were at the aggregate level of each study. In addition 
to extraction of means and standard deviations (SD) for gait dynamics outcomes, mean 
differences (MD) and 95% confidence intervals (95% CI) were calculated and effects sizes (ES) 
were calculated as standardized mean difference (SMD) and 95% CI. For studies without a 
comparison group, the MD was calculated by subtracting the mean in the single-task condition 
from the mean the dual-task condition. The SMD was then calculated by dividing this MD by 
the single-task SD using Review Manager 5.3 software (RevMan, Version 5.3; The Nordic 
Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). For studies that had a 
comparison group, the MD was calculated by subtracting the mean change from single-to-dual-
task in the control condition from the mean change in single-to-dual-task in the cognitive 
impairment condition. The SMD for studies with comparison groups was then calculated by 
dividing by the pooled single-task SD. All SMD’s were adjusted for small sample bias (Hedges’ 
g) [33]. For Tables 2.5, 2.6 and 2.7 the signs of the ESs were reversed in some cases so that a 
positive value represented a worsening of gait dynamic measure. Effect sizes  were categorized 
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according to Cohen’s interpretation of ‘trivial’ (<0.20), ‘small’ (>2.0 to <0.50), ‘moderate’ 
(>0.50 to <0.80) and ‘large’ (>0.80) [34].  
 
Random effects meta-analyses were attempted for all measures of gait dynamics, with ESs 
pooled when I2 was less than 75% using Review Manager (RevMan, Version 5.3; The Nordic 
Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark). The I2 range was 
chosen to reflect the Cochrane Handbook for Systematic Reviews of Interventions [35] 
interpretation of heterogeneity, where an I2 measures of 75-100% reflects ‘considerable 
heterogeneity’. For the purposes of the meta-analyses only, when multiple outcomes of gait 
dynamics where reported for a group of participants, or a single group had multiple comparisons 
to other groups, the total sample size for that group divided by the number of 
outcomes/comparisons for that group to account for dependency was used, as recommended by 
Cochrane [35]. First, meta-analyses were attempted within the 3 groups (i.e., single- vs. dual-
tasking in MCI or dementia with no cognitively intact control comparison group; cognitively 
impaired adults compared to cognitively health adults; and adults with MCI compared to adults 
with dementia). Only the direct comparison between adults with MCI and adults with dementia 
showing sufficient homogeneity to be pooled (I2= 0%). Attempts to reduce heterogeneity 
sufficiently (I2<75%) in the other two groups were ultimately unsuccessful. These steps included 
stratifying by cognitive status (MCI or dementia), followed by selecting the most commonly 
used measurement of gait dynamics (stride time CV), and finally by stratifying by the cognitive 
task. Studies were then removed, and the change in I2 and Q noted, with the study resulting in 
the largest reduction removed. As the resultant I2 was not <75%, then this same process was 
repeated and a second study removed. However, the I2 still showed considerable heterogeneity 
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(I2>75%), and so a meta-analysis was not performed, and a narrative review of the results from 
these groups is provided. Results were separated by linear and nonlinear methods of assessing 
gait dynamics. Due to the high number of studies reporting coefficient of variation in stride time 
as an outcome, stride time CV was reported separately from other linear measures of gait 
dynamics, and the MD was reported together with ES for ease of interpretation of clinical 
meaningfulness of results. Otherwise, ES was used when reporting studies that used different 
outcomes (e.g., swing time CV and stride regularity). Summary results in the narrative synthesis 
are presented as MD (range) and ES (range). 
 
2.5 RESULTS 
Study selection 
The initial keyword search returned 16, 519 results. Following the removal of duplicates, and 
title and abstract exclusions, 49 full-text articles were evaluated (Figure 2.1). A further 25 articles 
were excluded on the basis of eligibility.  In 4 studies where complete data were unable to be 
extracted the corresponding authors were contacted. No response was received from 3 studies 
[36-38] (n = 3), with a response from 1 study [39], which was then included, for a total of 25 
eligible studies.  
 
Study design 
In the 25 studies included there were 3 distinct study designs: cross-sectional, longitudinal 
observational and longitudinal experimental. This included 10 studies with more than 1 cognitive 
impairment comparison group, 9 studies with more than 1 dual-task procedure and 9 studies with 
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more than 1 gait dynamics outcome measured. The cohort characteristics of the included studies 
are displayed in Table 2.2.  
 
 Quality  
Modified Downs and Black scores are shown in Table 2.3. The average study quality was 
moderate, 13.6 (range: 11 – 17/24). The most common limitations were lack of subject and 
assessor blinding, adverse event reporting, reporting of participant representativeness within 
population and sample, recruited participant source population and representativeness, 
recruitment time frame, and concealment of intervention/procedure. It is acknowledged that 
blinding of participants and assessors, and the concealment of intervention/procedure to 
participants were not possible due to the study designs, thus potentially limiting the maximal 
score to 21 rather than 24. Additionally, as most study designs were acute exposure, the 
opportunity for an adverse event to occur was reduced, which potentially limited the reporting 
of such events. Lack of reporting of participant representativeness within the population and 
sample, however, are threats to external study validity and were deficient in most studies.  
 
Cohort characteristics 
Cohort characteristics are presented in Table 2.2. Across all studies 1118 participants (56.5% 
female) were included, 797 cognitively impaired (55.2% female) and 321 cognitively healthy 
(59.8% female). Twenty-three studies (92.0%) included both male and female participants and 
2 studies (8.0%) [40, 41] did not specify sex. The mean reported age for all included study 
participants was 76±5 years (range: 59-94 years), with the mean reported age for the cognitively 
impaired 77±6 years (range: 61-92 years) and for the cognitively heathy 74±4 years (range: 59-
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94 years). Habitual gait speed was reported in 19 studies [8, 11, 23, 25-29, 39-49] for cognitively 
impaired participants (0.94±0.25 m/s) and 9 studies [11, 23, 28, 29, 40, 42, 45-47] for cognitively 
healthy participants (1.11±0.16 m/s).  
 
Studies included participants with varying cognitive impairment diagnoses: 14 studies (52.0%) 
[25, 26, 28, 41-43, 45, 46, 48-53] included dementia only, 8 studies (32.0%) [8, 10, 27, 29, 39, 
40, 44, 47] included MCI only and 3 studies (12.0%) [11, 23, 54] included both dementia and 
MCI. Fourteen studies (56.0%) [10, 11, 23, 28, 29, 40, 42, 45-47, 50, 52-54] included a 
cognitively healthy control group as a comparison group. The Winblad [55] criteria and the 
Petersen [12] criteria were the most common MCI diagnostic criteria used, cited by 4 [10, 11, 
27, 29] and 3 studies [8, 44, 54], respectively. The National Institute of Neurological and 
Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders 
Association (NINCDS-ADRDA) [56] and the Diagnostic and Statistical Manual of Mental 
Disorders (DSM-IV) (4th edition) were the most common dementia diagnostic criteria, cited by 
6 [23, 26, 41-43, 49] and 3 studies [26, 42, 50], respectively. Numerous assessments were used 
to determine the severity of MCI and dementia, with the Mini-mental State Exam (MMSE) the 
most common. Twenty-two studies [8, 10, 11, 23, 25, 26, 28, 39-46, 48-54] reported MMSE 
scores for cognitively impaired participants (21.6±4.1), specifically MCI (26.4±1.1) and 
dementia participants (19.9±0.9), and 12 studies [10, 11, 23, 28, 40, 42, 45, 46, 50, 52-54]  
reported MMSE scores for cognitively healthy participants (28.8±1.1).  
 
Measurement of gait dynamics 
Characteristics of dual-task procedures are presented in Table 2.4. All studies included flat 
ground walking and participants were instructed to walk at their usual pace. The mean measured 
-30- 
walking distance was 21.66m (range: 3.66-160m). Twelve studies [8, 10, 11, 25-27, 43, 48-52] 
used the GAITRite system (CIR Systems Inc., Clifton, NJ, USA) to measure gait dynamics, 4 
studies [41, 42, 47, 52] used footswitch sensors, 3 studies [23, 39, 44] used Locometrix (Centaure 
Metrix, Evry, Essonne, France), 2 studies [28, 46] used DynaPort MiniMod (McRoberts BV, 
The Hague, The Netherlands), 2 studies [40, 53] used motion capture cameras and 3 studies [29, 
45, 54] used movement tracking devices. The mean number of trials per walking condition was 
1.7 (range: 1-6 trials), with 2 studies [23, 43] collecting data from 1 pre-nominated trial when 
multiple trials were completed per condition, (e.g., data were collected for the second trial out of 
the 3 conducted trials per condition), and 7 studies [8, 10, 11, 29, 41, 45, 50] not reporting the 
number of trials completed. The order of single-task and dual-task walking was inconsistent 
between studies; 9 studies [8, 10, 11, 27, 42, 47, 50, 51, 53] completed the tasks in a random 
order, 7 studies [25, 39-41, 43, 44, 49] completed the tasks in a set order, (i.e., single-task then 
dual-task), and 9 studies [23, 26, 28, 29, 45, 46, 48, 52, 54] did not report the task order. No 
studies with a non-randomized task order corrected their analytical models for order effects. 
 
Dual-task procedure characteristics  
Characteristics of dual-task procedures are presented in Table 2.4. Dual-tasks were categorized 
into two types: cognitive and motor. Twenty-four studies implemented cognitive protocols [8, 
10, 11, 23, 25-29, 39-48, 50-54] and 2 studies implemented motor protocols [48, 49]. The 
cognitive protocols were further separated into 4 sub-types [16]: mental tracking, verbal fluency, 
working memory and verbal memory. Mental tracking, the task of holding information mentally 
while manipulating the same information, to measure sustained attention [57], was carried out 
in 21 studies [8, 10, 11, 23, 26, 27, 29, 39, 40, 42, 44, 45, 47, 48, 50-54]. All 21 studies reported 
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backwards counting, however, the protocol varied between studies with the starting number 
ranging from 30 to 378 and the counting increment ranging from 1 to 7. The most common 
protocols were backward counting from 50 and 100 by 1s, carried out by 7 [23, 26, 39, 42, 44, 
50, 52] and 5 studies [8, 10, 11, 29, 45], respectively. Verbal fluency, the task of spontaneously 
producing words within specific constraints to measure executive function [57], was carried out 
in 12 studies [8, 10, 11, 25, 27-29, 43, 46, 47, 51, 53]. Two verbal fluency protocols were 
reported: animal naming and categorical letter naming, which 5 studies [8, 10, 11, 27, 29] and 3 
studies [28, 46, 47] carried out. Working memory, the task of holding information mentally for 
later processing [58] was carried out in 5 studies [25, 41, 43, 51, 53] and included forwards 
counting [25, 43, 51] and forward digit span [41, 53] protocols. Forwards counting and forward 
digit span were included as working memory tasks, rather than mental tracking tasks, as forward 
recall loads onto a separable short-term memory factor unlike backward counting and digit span, 
which require a more attention-demanding transformation of the digit sequence [59]. Verbal 
memory, the task of recalling specific past events or information using speech [60], was carried 
out in 1 study [47] in the form of short story recall. 
 
Gait dynamics outcomes 
Gait dynamics outcomes are presented in Table 2.5, 2.6 and 2.7. Twenty-six spatiotemporal gait 
dynamics outcome measures were examined across all studies. Stride time CV, step length CV 
and stride regularity were the most commonly measured, with 18 studies [8, 10, 11, 25-28, 40-
42, 45-47, 49-53], 4 studies [25, 48, 49, 53] and 3 studies [29, 39, 44] reporting each outcome, 
respectively.  
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Single- vs. dual-tasking in MCI or dementia with no cognitively intact control comparison group 
Among the 25 studies, 11 studies had at least 1 cohort with MCI and 17 studies had at least 1 
cohort with dementia, resulting in 84 ESs comparing single- to dual-tasking (Table 2.8). A meta-
analysis was attempted but was not appropriate due to considerable heterogeneity (I2=85%, 
Tau2=1.32, Q=553.30, p<0.0001).  Attempts to reduce heterogeneity included stratifying by 
cognitive status (MCI or dementia), and then further stratifying by gait dynamics outcome and 
cognitive task, but were ultimately unsuccessful. Therefore, a narrative synthesis of ESs is 
presented.  
 
Stride time CV 
In cohorts with MCI, stride time CV was the most commonly used outcome of gait dynamics, 
resulting in 17 ESs from 6 studies (Table 2.5a). Ten out of the 17 ESs involved the addition of a 
mental tracking cognitive dual-task (5 counting backwards by 1; 1 counting backward by 2; and 
4 counting backwards by 7), 6 used a categorical verbal fluency dual-task (5 used animal naming 
and 1 used letter specific word naming), while the remaining ES was verbal memory in the form 
of a short story recall. Overall, the data showed that the addition of a cognitive dual-task resulted 
in a significant increase in stride time CV, with 15 of 17 ESs reported being significant (MD 
ranging from 1.42% to 8.77%). The 2 non-significant results were from the same study [8], which 
used backwards counting by 1, with the subgroup with non-amnestic MCI unexpectedly 
achieving a smaller dual-task cost with the addition of a cognitive distractor. Overall, the median 
MD was 2.43% (range: 0.50% to 8.77%), while ES was 1.87 (range: 0.35 to 7.70).  
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Similarly, in cohorts with dementia, stride time CV was the most commonly used measure of 
gait dynamics, resulting in 20 ESs from 13 studies (Table 2.5b). Eleven out of the 20 ESs 
involved the addition of a mental tracking cognitive dual-task (8 counting backwards by 1; 1 
counting backward by 7; 1 counting backwards by an unspecified number; and 1 backward 3-
digit span), 5 used a working memory cognitive task (2 counting forwards by 1; 1 counting 
forwards by an unspecified number and 2 forward 3-digit span), 3 used a categorical verbal 
fluency dual-task (1 used animal naming and 2 used letter specific word naming), while the 
remaining  ES was a motor dual-task of tray carrying. Overall, the data showed that the addition 
of a cognitive dual-task resulted in heterogeneous effects on stride time CV, with 12 significant 
(MD ranging from 2.19 to 29.00) and 7 non-significant ESs (MD ranging from -0.53% to 3.00%). 
Three non-significant studies [28, 41, 52] still reported potentially clinically meaningful MD 
changes in dual-task cost (MDs of 2.6%, 2.6% and 3.0% for stride time CV), suggesting the 
possibility of type II error, with respective ESs of 0.74 (95% CI -0.03, 1.51), 0.97 (95% CI -0.16, 
2.10) and 0.53 (95% CI -0.50, 1.57). Overall, the median MD was 2.97% (range: -0.53% to 
29.00), while ES was 1.26 (range: -0.18 to 42.18).  
 
Other linear measures of gait dynamics 
In cohorts with MCI, 11 ESs from 5 studies were calculated using other linear measures of gait 
dynamics (Table 2.5a).  These included step regularity (n=3), stride regularity (n=5), step time 
CV (n=2) and step time variance (n=1). Results were heterogeneous with 6 significant ES 
(ranging from 1.03 to 26.65). Overall, the median ES for all other linear measures of gait 
dynamics was 1.07 (range: 0.24 to 2.74).  
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In cohorts with dementia, 14 other methods of linear gait dynamics were used across 9 studies, 
resulting in 34 ESs (Table 2.5b). Twenty-nine of these ESs were generated from relatively simple 
cognitive dual-tasks that involved either forward counting by 1 (n=16), backward counting by 1 
(n=11), forward 3-digit span (n=1) or backward 3-digit span (n=1). Results were mostly 
negative, suggesting little difference between single- and dual-task gait dynamics, with 22 of 34 
ESs non-significant, and the median ES for all other linear measures of gait dynamics 0.51 
(range: -0.40 to 45.71).  
 
Nonlinear measurements of gait dynamics 
Only 2 studies used nonlinear measures of gait dynamics, resulting in 3 ESs. Gait dynamic 
outcomes for cohorts with MCI and dementia are presented in Tables 2.5a and 2.5b, respectively. 
One study was in adults with MCI (2 ESs), while the remaining study was in adults with 
dementia. In adults with MCI, gait dynamics were assessed using ApEn using backwards 
counting by 1 and animal naming as the cognitive distractors, with both resulting in very large, 
significant worsening of gait [ES = 14.93 (95% CI 7.05, 22.81) for backwards count by 1, and 
ES = 26.97 (95% CI 12.85, 41.09) for animal naming]. By contrast, in adults with dementia, gait 
dynamics were measured using DFA, with a word naming verbal fluency task, showing no 
change in gait dynamics during the dual-task [ES = 0 (95% CI -0.19, 0.19)]. 
 
Cognitive impairment vs. control comparison group 
Fourteen studies included a healthy control group; 7 MCI studies [10, 11, 23, 29, 40, 47, 54] and 
10 dementia studies [11, 23, 28, 42, 45, 46, 50, 52-54] resulting in 40 ESs. A meta-analysis was 
attempted but was not appropriate due to considerable heterogeneity (I2=100%, Tau2=3.35, 
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Q=20054.93, p<0.00001).  Attempts to reduce heterogeneity were unsuccessful, which included 
stratifying by cognitive status (MCI or Dementia), as well as stratifying by gait dynamics 
outcome and cognitive task, results summarized in Table 2.8). Therefore, a narrative synthesis 
of ESs is presented.  
 
Stride time CV 
In cohorts with MCI, stride time CV was the most commonly used outcome of gait dynamics, 
resulting in 9 effect sizes from 4 studies. Five out of the 9 ESs involved the addition of a mental 
tracking cognitive dual-task (3 counting backwards by 1; 2 counting backwards by 7), 3 used a 
categorical verbal fluency dual-task (2 used animal naming; 1 used letter specific word naming), 
while the remaining ES was verbal memory in the form of a short story recall. Overall, the data 
showed that the dual-task cost of a cognitive dual-task for adults with MCI compared to 
cognitively healthy controls resulted in a significant increase in stride time CV, with 8 of 9 ESs 
reported significant (MD ranging from 1.07% to 7.05%). Gait dynamic outcomes for cohorts 
with MCI compared to cognitively healthy controls are presented in Table 2.6a. Overall, the 
median MD was 2.75% (range: 0.26% to 7.05%) and ES 2.43 (range: 0.16 to 6.53).  
 
Similarly, in cohorts with dementia compared to cognitively healthy controls, stride time CV 
was the most commonly used measure of gait dynamics, resulting in 13 ESs from 8 studies. Nine 
out of the 13 ESs involved the addition of a mental tracking cognitive dual-task (7 counting 
backwards by 1, 1 counting backward by 7, and 1 backward 3-digit span), 3 used a categorical 
verbal fluency dual-task (1 used animal naming and 2 used letter-specific word naming), while 
the remaining ES was a working memory cognitive task (forward 3-digit span). Overall, the data 
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showed that the addition of a cognitive dual-task for adults with dementia compared to 
cognitively healthy controls resulted in heterogeneous effects on stride time CV, with 9 ESs 
showing worsening of gait (MD ranging from 1.79% to 16.64%), 1 ES showing an improvement 
in gait (MD -2.58%) and 3 non-significant ESs (MD ranging from (-0.40% to 2.25%). Gait 
dynamic outcomes for cohorts with dementia compared to cognitively healthy controls are 
presented in Table 2.6b. Overall, the median MD was 2.23% (range: -2.58% to 16.64%) and ES 
1.97 (range: -1.09, 22.03).  
 
Other linear measures of gait dynamics 
In cohorts with MCI, 8 effect sizes from 3 studies were calculated for other linear measures of 
gait dynamics, including step regularity (n=3), stride regularity (n=2), step time CV (n=2) and 
step time variance (n=1). Six of the 8 ESs were significant. Non-significant results used the 
simple task of backwards counting by 1 (n=2) only. Gait dynamic outcomes for cohorts with 
MCI compared to cognitively healthy controls are presented in Table 2.6a.  Overall, the median 
ES for all other linear measures of gait dynamics was 0.63 (range: 0.23, 1.36).  
 
In cohorts with dementia, 8 ESs from 4 studies were calculated from linear measures of gait 
dynamics. The 8 ESs were generated from cognitive dual-tasks of backwards counting by 1 
(n=6), backwards 3-digit span (n=1) or forward 3-digit span (n=1). Results were heterogeneous 
with 6 of 8 ESs significant but varying greatly in magnitude (ranging from 0.66 to 23.20). Gait 
dynamic outcomes for cohorts with dementia compared to cognitively healthy controls are 
presented in Table 2.6b. Overall, the median ES for all other linear measures of gait dynamics 
was 1.20 (range: -0.10 to 23.2). 
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Nonlinear measurements of gait dynamics 
Only 2 studies used nonlinear measures of gait dynamics, resulting in 3 ESs. Gait dynamic 
outcomes for cohorts with MCI compared to cognitively healthy controls and dementia 
compared to healthy controls are presented in Table 2.6a and Table 2.6b, respectively. Two ESs 
came from 1 study [29]  in adults with MCI, while the remaining ES was from a study of adults 
with dementia [46]. In adults with MCI, gait dynamics were assessed via ApEn using animal 
naming and backwards counting by 1 as the cognitive distractors. Neither distractor resulted in 
a significant difference in dual-task cost in the MCI cohort [ES = 0.45 (95% CI -0.29 to 1.20)] 
and [ES = -0.62 (95% CI -1.37 to 0.14)], respectively.  By contrast, in adults with dementia 
compared to cognitively healthy controls, gait dynamics were measured using DFA, with a word 
naming verbal fluency task, showing a significant worsening of DFA during dual-tasking [ES = 
0.81 (95%CI: 0.01, 1.62)]. 
 
MCI vs. dementia groups 
Three studies included both MCI and dementia groups [11, 23, 54] and measured gait outcomes 
using stride time CV [11], step regularity [23] and step time variance [54]. Gait dynamic 
outcomes for cohorts with MCI vs. dementia are presented in Table 2.7. A meta-analysis was 
performed (Figure 2.2), showing that adults with dementia have a moderate, significant 
worsening of gait dynamics under dual-task conditions compared to adults with MCI [ES = 0.60 
(95%CI: 0.22, 0.99), I2=0%, Tau2=0.00, Q=3.74, p=0.002).  
 
Adverse events  
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Only 1 study [27] reported adverse events, however this study was a placebo-controlled drug 
study where none of the reported events were attributed to baseline single- or dual-task 
procedures. No study reported whether single- or dual-task walking was associated with any 
adverse event such as falling.  
 
Other cohort characteristics 
Limited information was available on cohort characteristics other than gait or cognitive 
performance, with fall history and measures of physical fitness being the most often reported 
characteristics. Six studies [8, 10, 25, 42, 48, 49] reported falls history in the past 6 to 12 months. 
A sensitivity analysis adjusting for history of falls and age was conducted in 1 study [10], the 
direction and magnitude of the dual-task costs were maintained (a difference <10% from the 
unadjusted values). A comparison between multiple fallers and non-multiple fallers was 
conducted in 1 study [48], which showed that there was no significant interaction between dual-
task cost and faller status. One study [42] adjusted for previous falls and other baseline 
characteristics using a multivariate linear regression for single-task and dual-task conditions and 
stride time CV, which showed that previous falls were not significantly related to stride time CV 
under these conditions. However, no statistical analysis with respect to dual-task cost of gait 
dynamics reported. A statistical analysis by faller status with respect to dual-task cost of gait 
dynamics was not reported in 3 other studies [8, 43, 49]. History of falls was listed as an 
exclusion criterion in 4 studies [11, 23, 40, 44]. Additionally, 2 studies [8, 10] reported fear of 
falling, with no statistically significant between-group comparisons in either study (p=0.77 [10] 
and p=0.84 [8]) and no statistical analysis with respect to the dual-task cost of gait dynamics was 
reported.  
-39- 
 
Physical activity or functional mobility assessments were reported in 6 studies [8, 10, 11, 23, 29, 
39], which included self-reported physical activity level, one-legged balance, and Timed Up and 
Go (TUG) test. Three studies [8, 10, 11] reported self-reported physical activity level. One study 
[8] adjusted for physical activity level using a multivariable linear regression, and, as previously 
reported, amnestic MCI participants had statistically significantly higher stride time CV (p=0.01) 
compared to non-amnestic participants under single- and dual-task walking after adjustment. No 
other studies reported relating these characteristics to gait performance. 
 
Nutritional status was measured in 2 studies [23, 44] using the Mini-Nutritional Assessment 
(MNA), however, no statistical analysis with respect to the dual-task cost of gait dynamics was 
reported. Five studies [23, 26, 27, 39, 44] reported that depression was an exclusion criterion, 
measured by the Geriatric Depression Scale (GDS) [61] or the Hospital Anxiety Depression 
Scale (HADS) [62], but these scores were not included in models of gait dynamics. Injurious 
falls in the past 12 months (or any shorter time frame), orthostasis, self-efficacy and quality of 
life were not reported in any study.  
 
2.6 DISCUSSION 
To our knowledge, this is the first systematic review to solely investigate the effects of dual-task 
walking on gait dynamics in older adults with cognitive impairment. The purpose of the review 
was to evaluate the effects of dual-task walking on changes in gait dynamics and dynamics with 
respect to pathology diagnosis, dual-task paradigm and outcome measure in older adults with 
cognitive impairment. In total, 27 different spatial, temporal and nonlinear measures of gait 
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dynamics and 20 different dual-task procedures were identified in the literature. The overall 
findings of this review are: 1) gait dynamics are worse under dual-task conditions than single-
task conditions in older adults with MCI and dementia; 2) this dual-task cost is greater in 
cognitively impaired older adults than in healthy older adults; 3) when MCI and dementia are 
directly compared, dual-task cost is greater in older adults with dementia; and 4) characteristics 
associated with the dual-task cost of gait dynamics in cognitively impaired older adults have 
been minimally investigated.  
 
This review indicates that the addition of a dual-task while walking alters gait dynamics in older 
adults with cognitive impairment. This is in agreement with previous studies in healthy older 
adults [63], Parkinson’s disease [64], multiple sclerosis [65] and MCI [19]. As expected, dual-
task gait dynamics, measured by stride time CV, increased during mental tracking tasks and 
verbal fluency tasks in both older adults with MCI and dementia. This directly reflects outcomes 
in healthy older adults, where significant increases in dual-task compared to single-task stride 
time CV have been reported for both backwards counting and verbal fluency tasks [66]. As 
observed, a more complex task (i.e., dual-tasking compared to single-tasking), produced more 
cognitive interference, which resulted in larger variability and a greater cost to gait dynamics 
[10, 49].  This increase in dual-task cost is concordant with the literature, which shows that dual-
tasking predicts falls risk better than single-task gait measurements in healthy older adults, 
however it has not been as clear in cognitively impaired older adults [9, 67]. If ways are identified 
to minimize the cost of dual-tasking on gait dynamics, the frequency and severity of future falls 
could potentially be reduced. However, very little data are available to indicate what the 
potentially modifiable contributants to dual-task costs are in cognitively impaired cohorts. We 
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searched for potential candidates such as low physical fitness, depression, low physical activity 
levels, undernutrition, or fear of falling, but unfortunately there was minimal reporting of any 
such characteristics, nor of their effect on dual-task cost. Future studies should include such 
characterization, and assess relationships of relevant factors to gait outcomes under single- and 
dual-task conditions to advance this field. 
 
The dual-task cost of gait dynamics was larger in cognitively impaired older adults than in 
cognitively healthy older adults. Specifically, a greater decrement in dual-task gait dynamics was 
observed during mental tracking and verbal fluency tasks in both older adults with MCI and 
dementia compared to healthy controls. Gait dynamics are maintained and stable with age in 
healthy older adults [68], despite dual-tasking, which differs from the significant worsening 
under dual-task conditions reported in cognitively impaired older adults [11], and confirmed by 
this review. Physiological and pathological aging impact gait ability and cognitive function,  and 
the association between these two factors suggests that a complex age-related relationship exists 
[66]. Broadly, poor gait performance has been identified as predictive of dementia, with a 
stronger association in non-AD dementias than in AD [69]. Specifically, increases in stride time 
CV under dual-task conditions have been shown to predict cognitive decline [66] suggesting that 
loss of gait stability may be an early sign of brain pathology. Cognitive impairment and executive 
function impairment are both associated with an increased risk of falls, while global measures of 
cognition are associated with serious fall-related injury [14]. Thus, dual-task gait testing has been 
recommended as part of the assessment battery to determine risk of falls in all cognitively 
impaired older adults [11]. In addition, it may identify individuals with subtle cognitive changes 
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who may benefit from detailed evaluation of cognition and assessment for potentially treatable 
aetiologies. 
 
The dual-task decrement was larger for individuals with greater cognitive impairment, i.e., 
dementia compared to MCI. A meta-analysis was performed on the 3 studies [11, 23, 54] that 
included both MCI and dementia groups. Individuals with dementia had a significantly and 
moderately increased dual-task cost compared to individuals with MCI. Previous studies, 
including those analyzed, have reported conflicting results as to whether there is a significant 
difference between dual-task gait performance in older adults with MCI and AD [11, 23, 24, 54, 
70]. Evidence suggests that older adults with AD are slower on basic mobility tests [70], have 
slower gait speed [71], perform worse on cognitive tasks [72], while it has been previously shown 
that adults with AD and dementia demonstrate increased gait dynamics during single-task 
walking  than older adults with MCI [71], and thus a ceiling effect may explain some of the 
heterogeneity between studies. Additionally, older adults who are more impaired may potentially 
be limited in their ability to adopt protective strategies during dual-tasking (e.g., increasing step 
length to compensate for gait abnormalities or dysfunction) [73], however, few comparative 
studies exist that investigate potential changes across the cognitive spectrum [11], and the gait 
measures within the 3 included studies [11, 23, 54] were inconsistent. When clinically assessing 
dual-task gait deficits it is important to consider individual characteristics such as the severity of 
motor and cognitive impairments, concurrent tasks complexity and the environmental challenge 
on the falls risk [73]. To understand more about the impact of the dual-task on gait dynamics 
across the cognitive continuum, additional studies are required to examine gait using comparable 
outcome measures and dual-tasks. 
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The included studies were too inconsistent in their methodology and reporting to determine if a 
dual-task type or a specific gait dynamic measure was better at producing or detecting dual-task 
cost. Additionally, only two studies measured gait dynamics using nonlinear outcomes (i.e., DFA 
[46] and ApEn [29]). The outcomes for DFA and ApEn are not directly comparable, with the 
two outcomes being measured in different cohorts using different dual-task conditions. 
Additionally, it is not expected to observe the same outcome for different nonlinear outcomes, 
with DFA measuring the degree of randomness in highly non-stationary data and ApEn 
measuring the likelihood that a template pattern repeats in a time series [74]. In order to have a 
complete understanding of the dynamics of gait, both linear and nonlinear measures are needed. 
Further research is required using linear and nonlinear outcomes as the primary measure of 
interest, with respect to dual-task walking conditions of varying complexity, in order to enhance 
the understanding of falls risk and translation of findings into research and clinical guidelines. 
 
No specific characteristics related to the dual-task gait dynamics in cognitively impaired older 
adults were identified. However, the reporting of any cohort characteristics relating to falls were 
poor, with few studies documenting history of falls, fear of falling or tracking falls over time. In 
these studies, individuals who had fallen more times were likely to have worsened dual-task gait 
dynamics than those who had fallen fewer times, however, this did not translate into a 
significantly increased dual-task cost [43, 48]. Dual-task gait changes are associated with future 
fall risk [9], however, the link between future risk of falls and increased gait dynamics is poorly 
studied in cognitive impairment. Previous research has shown a greater dual-task cost of gait 
dynamics is associated with progressive cognitive decline and an increase in falls risk, although 
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this association was not reported in this review [75]. Few studies reported other characteristics 
such as physical activity level static balance, functional mobility, nutritional status and 
depression, while no studies reported aerobic capacity, strength, self-efficacy, or quality of life. 
If these or other modifiable characteristics were able to be identified, a targeted intervention 
could be implemented to potentially reduce the risk of falls in this population [49].  
 
2.7 STRENGTHS 
The strengths of this review were that it included a broad, sensitive search strategy across all 
years and major databases, resulting in a large number of retrieved citations. Additionally, the 
analysis of results was stratified by type of cognitive impairment and dual-task condition to 
attempt to create more uniformity in the interpretation of dual-task gait dynamics methodology. 
This review does not duplicate previous work and reflects the current literature in this topic area 
allowing it to help drive recommendations for knowledge translation and act as a reference point 
for future research strategies. 
 
2.8 LIMITATIONS  
This review was limited by the use of only one author responsible for the initial study selection 
and data extraction. However, full text inclusion and exclusion were independently performed 
by two authors, and consensus was obtained by a third author. Additionally, unpublished data 
were neither searched for nor included. Furthermore, this review was restricted to one meta-
analysis of three studies due to all other groupings displaying an I2 value greater than 75%. The 
I2 value represents the consistency of study results and assesses whether differences in results 
between studies are compatible with chance alone. Cochrane categorize an I2>75% as possessing 
-45- 
considerable heterogeneity, which was used to support the decision of using 75% as a cut off 
value. While the small number of studies in the meta-analysis may require caution with regards 
to interpretation, the direction of the effect of this analysis was in agreement with all other data 
presented within this review. Several attempts were used to reduce the heterogeneity, but were 
ultimately unsuccessful. Future studies should attempt to identify factors contributing to 
heterogeneity across studies. 
 
2.9 CONCLUSIONS 
Gait dynamics worsen under dual-task conditions compared to single-task conditions in 
cognitively impaired older adults. The dual-task cost of gait dynamics increases in cognitively 
impaired older adults compared to healthy older adults, with worse gait dynamics observed with 
a greater degree of cognitive dysfunction. Data are too inconsistent currently to determine which 
type of dual-task is best able to expose gait instability, or which measure of gait dynamics best 
predicts risk of falls or level of cognitive impairment in older adults. Importantly, only two 
studies reported nonlinear gait outcome measures, highlighting an area where more research is 
needed to understand the complete impact of dual-tasking on gait dynamics. Additionally, factors 
that may impact gait dynamics, including history of falling, fear of falling, physical fitness,  
objective physical activity or sedentary behavior, depression, nutritional status, vision, hearing, 
overall disease burden and medication use,  and quality of life were documented poorly or not at 
all. To adequately determine the modifiable and non-modifiable characteristics of dual-task gait 
dynamics, more well-designed longitudinal studies and controlled trials with adequately 
powered samples are needed. Thus, by identifying characteristics of dual-task gait dynamics, 
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clinical interventions could be developed to target these modifiable factors with the aim to reduce 
the high falls risk in this population. 
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FIGURE LEGENDS 
FIGURE 2.1 Flow diagram of the systematic review process. 
 
FIGURE 2.2 Forest plot for within study comparison for single-task and dual-task for all gait 
dynamic outcomes and all dual-task procedures 
 
FIGURE 2.3 Forest plot for within study comparison for cognitively impaired and cognitively 
healthy for all gait dynamic outcomes and all dual-task procedures  
 
FIGURE 2.4 Forest plot for meta-analysis of within study comparison for MCI and dementia 
for all gait dynamic outcomes and all dual-task conditions. 
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FIGURE 2.2 Forest plot for within study comparison for single-task and dual-task for all gait 
dynamic outcomes and all dual-task procedures 
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Forest plot indicates that dual-task gait was more varied than single-task gait in cognitively 
impaired adults, which reflects worse gait dynamics under dual-task conditions.  
MCI=Mild Cognitive Impairment; SD=Standard deviation; Std=Standardized; CI=Confidence 
interval; CV=Coefficient of variation; I2=Measures heterogeneity.
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FIGURE 2.3 Forest plot for within study comparison for cognitively impaired and cognitively 
healthy for all gait dynamic outcomes and all dual-task procedures  
 
 
Forest plot indicates that dual-task cost was larger in cognitively impaired older adults than 
cognitively healthy adults, which reflects worse gait dynamics.  
MCI=Mild Cognitive Impairment; SD=Standard deviation; Std=Standardized; CI=Confidence 
interval; CV=Coefficient of variation; I2=Measures heterogeneity.
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FIGURE 2.4 Forest plot for meta-analysis of within study comparison for MCI and dementia for all gait dynamic outcomes and all dual-task 
conditions  
 
Forest plot indicates that dual-task cost was larger in dementia than MCI, which reflects worse gait dynamics.  
MCI=Mild Cognitive Impairment; SD=Standard deviation; Std.=Standardized; CI=Confidence interval; CV=Coefficient of variation; 
I2=Measures heterogeneity.
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TABLE 2.1 Medline full electronic search strategy example  
No.  Searches 
1 'dual task*' or 'dual-task*' or 'multi task*' or 'multi-task' or 'secondary task*' or 
'attention task*' or 'cognitive task*' or 'motor task*' or 'two task*' or '2 task*').mp.  
2 walk* or gait or locomot* or ambulat* or stride* or step* or 'double limb' or 'double-
limb' or 'double support' or 'swing time' or 'stride-to-stride' or 'stride to stride' or 'foot 
clearance' or mobility or stability or instability or 'gait variability' or 'centre of 
pressure' or 'center of pressure' or COP or 'centre of mass' or 'center of mass' or 
COM or ataxia or McRoberts or 'Gait Up' or APDM or GAITRite or Axivity or AX3 
or Opal* or Pedar or Zeno or Gyroscope* or Lyap* or fractal).mp.  
3 1 and 2 
No.=number; mp=title, abstract, original title, name of substance word, subject heading word, 
floating sub-heading word, keyword heading word, protocol supplementary concept word, rare 
disease supplementary concept word, unique identifier, synonyms. 
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TABLE 2.2 Cohort characteristics  
 
Author, Year  
[reference] 
Participants  
Pathology 
n Gender  
(%female) 
Age  
(Yr) 
ST gait speed 
(m/s) 
MMSE 
Sheridan, 
2003 
A:AD A:28 NR A:77.9±6.9 A:0.57±0.20 A:13.8±7.9 
Camicioli, 
2004 
A:AD (Non-faller) 
B:AD (Faller) 
A:24 
B:18 
A:91.7 
B:77.8 
A:82.3±6.7 
B:83.1±9.6 
A:0.70±0.17 
B:0.62±0.25 
A:14.7±7.2 
B:15.8±7.6 
Camicioli, 
2006 
A:AD (w/≤3 EPS) 
B:AD (w/>3 EPS) 
A:13 
B:29 
A:100.0 
B:79.3 
A:80.5±6.5 
B:83.6±8.5 
A:0.79±0.15 
B:0.62±0.18 
A:14.4±7.1 
B:15.5±7.5 
Allali, 2007 A:Dementia A:16 A:83.6 A:87.5 NR A:22.1±3.6 
Allali, 2008 C:Control 
A:AD 
B:CI (w/IEF) 
C:22  
A:16  
B:18 
C:91.0 
A:69.0 
B:83.0 
C:79.5 (8) 
A:78.5 (8) 
B:79.5 (5) 
NR C:30.0 (1) 
A:22.0 (4) 
B:20.5 (6) 
Gillian, 2009 C:Control 
A:MCI 
B:AD 
C:14 
A:14 
B:6 
C:50.0 
A:50.0 
B:50.0 
C:73.5 
A:72.9 
B:73.7 
C:1.4±0.13 
A:1.22±0.15 
B:1.02±0.36 
C:28.2±1.6 
A:26.7±1.7 
B:22.8±2.1 
Allali, 2010 C:Control 
A:Dementia (bvFTD) 
B:AD 
C:22 
A:19 
B:19 
C:63.6 
A:47.4 
B:68.4 
C:71.0±0.5 
A:66.8±9.7 
B:79.3±8.4 
C:1.19±11.7 
A:1.12±9.0 
B:1.11±9.9 
C:29.0±1.0 
A:26.0±6.0 
B:19.0±7.0 
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Beauchet, 
2011 
C:Control 
A:Dementia (w/FTD) 
C:69 
A:14 
C:43.5 
A:7.1 
C:75.5±4.3 
A:65.7±9.8 
NR A:23.3±6.6 
Lamoth, 2011 C:Control 
A:AD 
C:13 
A:13 
C:53.8 
A:69.2 
C:79.4±5.6 
A:82.6±4.3 
C:0.95±0.21 
A:0.88±0.27 
C:28.2±1.1 
A:18.0±3.5 
Ijmker, 2012 C:Control (older) 
A:D 
C:14 
A:15 
C:14.3 
A:13.3 
C:76.9±4.1 
A:81.7±6.3 
C:1.14±0.11 
A:0.67±2.1 
C:28.5±1.2 
A:19.6±3.6 
Montero-
Odasso, 2012 
C:Control 
A:MCI 
C:25 
A:43 
C:88.0 
A:54.0 
C:71.5±4.1 
A:75.1±6.3 
NR C:29.5±0.6 
A:27.8±1.6 
Muir, 2012 C:Control 
A:MCI 
B:AD 
C:22 
A:29 
B:23 
C:88.0 
A:59.0 
B:61.0 
C:71.0±5.0 
A:73.6±6.2 
B:77.5±5.0 
C:1.36±0.24 
A:1.16±0.21 
B:1.11±0.14 
C:29.5±0.6 
A:27.5±1.9 
B:24.2±2.3 
Taylor, 2013 A:CI (Non-multiple 
fallers) 
B:CI (Multiple fallers) 
A:41 
B:22 
A:46.3 
B:45.5 
A:80.7±6.8 
B:82.5±6.9 
A:0.94±0.24 
B:0.79±0.30 
A:24.8±3.6 
B:22.7±5.1 
Beauchet, 
2014 
A:AD A:86 A:68.6 A:82.6±5.5 A:0.63±0.21 A:17.6±5.5 
Hsu, 2014 C:Control 
A:AD 
C:50 
A:21 
C:40.0 
A:52.4 
C:59.9±4.6 
A:61.5±4.9 
C:1.38±0.17 
A:1.25±0.16 
C:28.4±1.6 
A:23.0±3.2 
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Montero-
Odasso, 2014 
A:MCI (Na) 
B:MCI (a) 
A:22 
B:42 
A:63.6 
B:42.9 
A:74.2±6.5 
B:77.3±7.3 
A:1.09±0.19 
B:1.00±0.22 
A:29.1±0.8 
B:27.2±2.1 
Wittwer, 
2014 
A:AD A:30 A:50.0 A:80.2±5.8 A:1.12±0.27 A:20.6±5.1 
Nascimbeni, 
2015 
C:Control 
A:MCI 
C:10 
A:13 
C:40.0 
A:15.4 
C:72.0±3.9 
A:76.0±3.9 
C:0.97±0.15 
A:0.83±0.21 
NR 
Gillian, 2016 A:MCI (future AD) 
B:MCI  
A:9 
B:4 
A:44.4 
B:50.0 
A:74.4±4.16 
B:70.0±2.16 
A:1.15±0.13 
B:1.29±0.10 
A:26.1±1.5 
B:27.3±1.7 
Lin, 2016 C:Control 
A:AD 
C:10 
A:10 
C:80.0 
A:80.0 
C:73.8±6.1 
A:74.0±8.6 
NR C:29.4±0.7 
A:17.7±4.1 
Martinez-
Ramirez, 
2016 
C:Control (frail) 
A:MCI (frail) 
C:20 
A:11 
C:70.0 
A:72.7 
C:93.4±3.2 
A:92.4±4.2 
C:0.68±0.26 
A:0.77±0.18 
NR 
Auvinet, 2017 A:MCI A:24 A:33.3 A:76.4±5.8 A:1.0±0.3 A:26.2±2.1 
Gschwind, 
2017 
A:MCI A:50 A:50.0 A:68.5±8.4 A:1.27±0.18 NR 
Konig, 2017 C:Control 
A:AD 
B:MCI 
C:22 
A:23 
B:24 
C:68.2 
A:47.8 
B:66.7 
C:73.0±7.0 
A:77.0±9.0 
B:75.0±9.0 
NR C:28.4±1.5 
A:17.0±4.6 
B:24.8±3.2 
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Lee, 2018 C:Control 
A:MCI 
C:8 
A:8 
NR C:66.1±1.6 
A:66.5±1.9 
C:1.06±0.06 
A:1.00±0.18 
C:28.1±0.8 
A:21.0±0.8 
 
Results are presented as Mean±Standard Deviation or Median (interquartile range); n=number; 
%=percent; Yr=years; kg=kilograms; m/s=meters per second; C=control; A/B=intervention 
group A or B; w/=with; IEF=impaired executive function; D=dementia; AD=Alzheimer's 
disease; FTD=Frontotemporal degeneration; EPS=extra-pyramidal signs; MCI=mild cognitive 
impairment; CI=cognitive impairment; bvFTD=behavioral variant of frontotemporal 
degeneration; NR=not reported; ST=Single-task.
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TABLE 2.3 Risk of bias assessment  
 
Author, Year  
[reference] 
Reporting, item no. External 
validity, 
item no. 
Internal validity, item no. Total 
/24 Bias Confounding 
1 2 3 4 5 6 7 8 10 11 12 13 14 15 16 18 19 20 21 22 23 24 25 27 
Sheridan, 2003 1 1 1 1 0 1 1 0 1 0 0 1 0 0 1 1 1 1 1 0 0 0 0 0 13 
Camicioli, 2004 1 1 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 0 0 1 0 14 
Camicioli, 2006 1 1 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 0 0 1 0 14 
Allali, 2007 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 0 0 12 
Allali, 2008 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 1 0 13 
Gillian, 2009 1 1 1 1 1 1 1 0 0 0 0 1 0 0 1 1 1 1 1 0 0 0 0 0 13 
Allali, 2010 1 1 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 0 1 0 15 
Beauchet, 2011 1 1 1 1 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 11 
Lamoth, 2011 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 1 13 
Ijmker, 2012 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 0 1 12 
Montero-Odasso, 2012 1 1 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 0 1 1 16 
Muir, 2012 1 1 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 0 0 1 0 0 0 14 
Taylor, 2013 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 12 
Beauchet, 2014 1 1 1 1 1 1 1 0 1 1 0 1 0 0 1 1 1 1 1 1 0 0 0 1 17 
Hsu, 2014 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 12 
Montero-Odasso, 2014 1 1 1 1 1 1 1 0 1 0 0 0 0 0 1 1 1 1 1 0 1 0 1 1 16 
Wittwer, 2014 1 1 1 1 0 1 1 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 13 
Nascimbeni, 2015 1 1 1 1 1 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 1 1 15 
Gillian, 2016 1 1 1 1 0 1 1 0 1 0 0 1 0 0 1 1 1 1 1 1 0 0 0 0 14 
Lin, 2016 1 0 0 1 1 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 1 0 0 0 11 
Martinez-Ramirez, 2016 1 1 1 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 0 1 12 
Auvinet, 2017 1 1 1 1 1 1 1 0 1 1 0 1 0 0 1 1 1 1 1 0 0 0 1 0 16 
Gschwind, 2017 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 1 1 0 0 1 17 
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Konig, 2017 1 1 1 1 1 1 1 0 1 0 0 1 0 0 1 1 1 1 1 0 0 0 1 0 15 
Lee, 2018 1 1 0 1 0 1 1 0 1 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 10 
Results are presented for each criterion with a total score presented under the ‘Total’ column with a maximum score of 24. The criteria that were 
not included for scoring were:  items 9, 17 and 26 (relating to follow up). Items modified to be consistent with the scoring procedure included: 
item number 5 (relating to confounder distribution), and item number 27 (relating to statistical power), i.e., alteration from a 0 to 2 scale, and a 0 
to 5 scale, to a 'no, 0; unable to determine, 0; and yes, 1'. Criterion 23 was altered for increased specificity to read: ‘Was the order of the walking 
tasks (single and dual) randomized for study subjects?’. 
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TABLE 2.4 Dual-task procedure characteristics 
Author, Year 
[reference] 
Measurement 
system 
Dual-task type Dual -task 
condition(s) 
Measured 
distance 
walked 
(m) 
Number of 
trials per 
condition 
(n) 
Order of 
walking 
randomized 
Sheridan, 
2003 
Footswitch 
sensors 
Working memory Forward digit span  15.24-152.4 
(up to 10 laps) 
Avg distance 
106.68 (7laps) 
NR Set order 
Camicioli, 
2004 
GAITRite Working memory Forward counting from 
1 by 1s 
3.66 ST: 2 (used 2nd 
trial data only),  
DT: 1 
Set order 
Camicioli, 
2006 
GAITRite Working memory Forward counting from 
1 by 1s 
3.66 ST: 2 
DT: 1 
Set order 
Allali, 2007 GAITRite Working memory 
Mental tracking 
Forwards counting 
Backwards counting 
10 1 Randomized 
Allali, 2008 GAITRite Mental tracking Backwards counting 
from 50 by 1s 
10 NR Randomized 
Gillian, 2009 Locometrix Mental tracking Backwards counting 
from 50 by 1s 
30 3  
(Used 2nd trial 
data only) 
NR 
Allali, 2010 SMTEC 
footswitch 
Mental tracking Backwards counting 
from 50 by 1s 
10 1 Randomized 
Beauchet, 
2011 
GAITRite & 
SMTEC 
footswitch system 
Mental tracking Backwards counting 
from 50 by 1s 
3.5 (GAITRite) 
& 10 (SMTEC) 
2 NR 
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Lamoth, 2011 DynaPort 
MiniMod 
Verbal fluency Name words starting 
with either 'R' or 'G' 
~160m (3 min 
in 40m 
corridor) 
1 NR 
Ijmker, 2012 DynaPort 
MiniMod 
Verbal fluency Name animals, 
occupations or words 
starting with either 'R', 
'G' or 'P' in 1 minute.  
10 1 NR 
Montero-
Odasso, 2012 
GAITRite Mental tracking 
 
Verbal fluency 
Subtracting serial 7s 
from 100 
Naming animals 
6 NR 
(1st trial as a 
practice) 
Randomized 
Muir, 2012 GAITRite Mental tracking 
 
Verbal fluency 
Mental tracking 
 
Backwards counting 
from 100 by 1s 
Naming animals 
Subtracting serial 7s 
from 100 
6 NR  
(1st trial as a 
practice) 
Randomized 
Taylor, 2013 GAITRite Motor 
 
 
Mental tracking 
 
Carrying a glass filled 
(10mm from rim) of 
water 
Backwards counting 
from 30 by 1s 
4.6 2 NR 
Beauchet, 
2014 
GAITRite Mental tracking Backwards counting 
from 50 by 1s 
7.92 1 NR 
Hsu, 2014 Wearable device Mental tracking Backwards counting 
from 100 by 1s 
40 NR NR 
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Montero-
Odasso, 2014 
GAITRite Mental tracking 
 
Mental tracking 
 
Verbal fluency 
Backwards counting 
from 100 by 1s 
Subtracting serial 7s 
from 100 
Naming animals 
6 NR 
(1st trial as a 
practice) 
Randomized 
Wittwer, 2014 GAITRite Motor Carrying a tray with 
two empty glasses 
using both hands 
8.3 2 to 4  
(mean of trials 
used) 
Set order 
Nascimbeni, 
2015 
STEP 32 system 
& 3 footswitch 
sensors 
Verbal fluency 
 
 
Verbal memory 
Mental tracking 
 
 
Naming words 
beginning with F, A or 
S for 1 minute 
Short story recall 
Backwards counting 
from either 378 or 283 
by 1s 
12 1 Randomized 
Gillian, 2016 Locometrix Mental tracking Backwards counting 
from 50 by 1s 
30 1 Set order 
Lin, 2016 Vicon MX 
infrared camera 
and 3 AMTI force 
plates 
Working memory 
 
Mental tracking 
 
 
Forward 3-digit 
working task  
Backwards 3-digit 
working task 
8 6  
(1st trial as a 
practice) 
Randomized 
Martinez-
Ramirez, 2016 
Orientation 
Tracker MTx 
Mental tracking 
 
Verbal fluency 
Backwards counting 
from 100 by 1s 
Naming animals 
5 NR NR 
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Auvinet, 2017 Locometrix Mental tracking Backwards counting 
from 50 by 1s 
30 1 Set order 
Gschwind, 
2017 
GAITRite Mental tracking 
 
Verbal fluency 
Backwards counting 
from 50 by 2s 
Naming animals 
10 1 Randomized 
Konig, 2017 CE-marked 
accelerometer 
Mental tracking Backwards counting 
from 305 by 1s. 
~20 (10 up and 
10 back plus 
turn) 
1 NR 
Lee, 2018 3D movement 
analysis 
Mental tracking Backwards counting 
from 100 by 1s 
12 1 Set order 
m=meters; n=number; ST=Single-task; DT=Dual-task; NR=not reported; all verbal fluency tasks that used a word naming task using a specific 
letter stated that the letter choice was predetermined; further detail for the task in Sheridan, 2003 was to repeat a list of random single-digit numbers 
forward starting with 2 digits and progressing to 8 digits.  
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TABLE 2.5a Gait outcomes for Mild Cognitive Impairment group: single-task vs. dual-task comparisons 
 
Author, Year  
[reference] 
Pathology Task Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Mean Difference  
(95% CI) 
Between group 
ES (95% CI) 
Stride time CV     
  
Montero-Odasso, 
2012 
MCI Backwards counting 
from 100 by 7s 
2.68±1.31 9.84±10.13 7.16 [6.38, 7.94] 5.37 [4.03, 6.70] 
 
MCI Animal naming 2.68±1.31 7.16±7.76 4.48 [3.70, 5.26] 3.36 [2.40, 4.31] 
Muir, 2012 MCI Backwards counting 
from 100 by 1s 
2.59±1.47 4.06±2.37 1.47 [0.40, 2.54] 0.97 [0.20, 1.75] 
 
MCI Animal naming 2.59±1.47 8.02±8.88 5.43 [4.36, 6.50] 3.59 [2.36, 4.82] 
 
MCI Backwards counting 
from 100 by 7s 
2.59±1.47 10.07±9.29 7.48 [6.41, 8.55] 4.95 [3.39, 6.50] 
Montero-Odasso, 
14 
    
MCI (na) Backwards counting 
from 100 by 1s 
2.40±1.38 2.90±0.98 0.50 [-0.65, 1.65] 0.35 [-0.49, 1.19] 
    MCI (a) Backwards counting 
from 100 by 1s 
3.33±2.60 4.81±3.73 1.51 [-0.06, 3.08] 0.57 [-0.05, 1.19] 
    MCI (na) Backwards counting 
from 100 by 7s 
2.40±1.38 3.82±2.10 1.42 [0.27, 2.57] 0.99 [0.09, 1.89] 
   MCI (a) Backwards counting 
from 100 by 7s 
3.33±2.60 5.63±5.00 2.30 [0.73, 3.87] 0.87 [0.23, 1.50] 
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    MCI (na) Animal naming 2.40±1.38 4.83±3.53 2.43 [1.28, 3.58] 1.69 [0.69, 2.70] 
    MCI (a) Animal naming 3.33±2.60 6.47±5.71 3.14 [1.57, 4.71] 1.18 [0.52, 1.85] 
Nascimbeni, 2015 MCI Word naming with 'F', 
'A',  
or 'S' 
3.17±1.12 5.52±3.04 2.35 [1.13, 3.57] 1.95 [0.54, 3.36] 
MCI Short story recall 3.17±1.12 5.42±1.81 2.25 [1.03, 3.47] 1.87 [0.48, 3.26] 
 
MCI Backwards counting 
from 378 or 283 by 1s 
3.17±1.12 5.07±3.30 1.90 [0.68, 3.12] 1.58 [0.27, 2.89] 
Gschwind, 2017 
  
MCI Backwards counting 
from  
50 by 12s 
1.95±0.90 6.40±16.20 4.45 [3.95, 4.95] 4.87 [3.73, 6.00] 
    MCI Animal naming 1.95±0.90 8.65±16.10 6.70 [6.20, 7.20] 7.33 [5.73, 8.92] 
Lee, 2018 MCI Backwards counting 
from 100 by 1s 
2.44±0.99 11.21±6.84 8.77 [7.40, 10.14] 7.70 [2.23, 13.18] 
Step regularity 
    
Gillian, 2009 MCI Backwards counting 
from  
50 by 1s 
287.00±29.00 224.00±47.00 -63.00 [-93.38, -32.62] 2.03 [0.66, 3.41]* 
Martinez-
Ramirez, 2016 
MCI (frail) Backwards counting 
from 100 by 1s 
0.58±0.18 0.51±0.21 -0.07 [-0.28, 0.14] 0.36 [-0. 85, 1.56]* 
 
MCI (frail) Naming animals 0.58±0.18 0.37±0.21 -0.21 [-0.42, 0.00] 1.07 [-0.24, 2.38]* 
-74- 
Stride regularity 
    
Gillian, 2016 
    
MCI (future AD) Backwards counting 
from  
50 by 1s 
286.20±37.45 220.67±254.88 -65.53 [-114.77, -
16.29] 
1.56 [-0.07, 3.18]* 
    MCI (-) Backwards counting 
from  
50 by 1s 
298.00±22.46 254.88±32.86 -43.12 [-87.14, 0.09] 1.10 [-5.41, 5.61]* 
Martinez-
Ramirez, 2016 
MCI (frail) Backwards counting 
from 100 by 1s 
0.59±0.16 0.44±0.19 -0.15 [-0.34, 0.04] 0.86 [-0.41, 2.13]* 
 
MCI (frail) Naming animals 0.59±0.16 0.38±0.14 -0.21 [-0.40, -0.02] 1.20 [-0.14, 2.54]* 
Auvinet, 2017 MCI Backwards counting 
from  
50 by 1s 
214.70±54.20 156.60±65.20 -58.10 [-14.73, -
101.47] 
1.03 [0.17, 1.90]* 
Step time CV 
    
Martinez-
Ramirez, 2016 
MCI (frail) Backwards counting 
from 100 by 1s 
0.09±0.02 0.11±0.05 0.02 [0.00, 0.04] 0.91 [-0.36, 2.19] 
 
MCI (frail) Naming animals 0.09±0.02 0.15±0.06 0.06 [0.04, 0.08] 2.74 [0.88, 4.60] 
Step time variance 
    
Konig, 2017 MCI Backwards counting 
from 305 by 1s 
5.70±4.50 6.80±5.30 1.10 [-2.50, 4.70] 0.24 [-0.57, 1.04] 
Approximate entropy 
    
Martinez-
Ramirez, 2016 
MCI (frail) Backwards counting 
from 100 by 1s 
0.16±0.12 2.12±1.65 1.96 [1.82, 2.10] 14.93 [7.05, 22.81] 
 
MCI (frail) Naming animals 0.16±0.12 3.7±2.41 3.54 [3.40, 3.68] 26.97 [12.85, 
41.09] 
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 SD=Standard deviation; ES=Effect size; CI=Confidence interval; CV=Coefficient of variation; MCI=mild cognitive impairment; (a)=amnestic; 
(na)=non-amnestic; *=ES was reversed to indicate change in the direction of other outcome measures. ESs were calculated as standardized mean 
difference and 95% CI.   
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TABLE 2.5b Gait outcomes for dementia (including Alzheimer’s disease) group: single-task vs. dual-task comparisons 
 
Author, Year  
[reference] 
Pathology Task Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Mean Difference  
(95% CI) 
Between group ES 
(95% CI) 
Stride time CV            
Sheridan, 2003 AD Forward digit 
span 
8.50±3.40 11.10±5.50 2.60 [0.08, 5.12] 0.74 [-0.03, 1.51] 
Camicioli, 2006  
 
AD (w/≤3 
EPS) 
Forwards 
counting from 1 
by 1s 
4.04±1.94 4.65±2.83 0.61 [-1.51, 2.71] 0.29 [-0.81, 1.39] 
 
AD (w/>3EPS) Forwards 
counting from 1 
by 1s 
4.36±3.81 7.78±12.20 3.42 [0.65, 6.19] 0.87 [0.11, 1.64] 
Allali, 2007 Cognitive 
impairment 
Forwards 
counting 
4.00±2.20 7.60±10.00 3.60 [1.44, 5.76] 1.55 [0.39, 2.71] 
 
Cognitive 
impairment 
Backwards 
counting 
4.00±2.20 15.40±16.10 11.40 [9.24, 13.56] 4.90 [2.71, 7.15] 
Allali, 2008  
    
AD Backwards 
counting from 
50 by 1s 
1.17±0.56 4.10±3.47 2.93 [2.38, 3.48] 4.95 [2.74, 7.15] 
    Cognitive 
impairment 
(w/IEF) 
Backwards 
counting from 
50 by 1s 
2.77±2.02 14.33±13.72 11.56 [9.69, 13.43] 5.45 [3.23, 7.67] 
-77- 
Allali, 2010 
    
bvFTD Backwards 
counting from 
50 by 1s 
7.70±8.20 8.30±6.20 0.60 [-6.78, 7.98] 0.07 [-0.83, 0.97] 
    AD Backwards 
counting from 
50 by 1s 
3.10±1.20 6.00±3.10 2.90 [1.82, 3.98] 2.31 [1.09, 3.53] 
Beauchet, 2011 Dementia 
(w/IEF) 
Backwards 
counting from 
50 by 1s 
5.00±2.50 7.60±6.70 2.60 [-0.02, 5.22] 0.97 [-0.16, 2.10] 
Lamoth, 2011 AD Word naming 
with 'R' or 'G' 
4.20±2.7 3.67±1.67 -0.53 [-3.47, 2.41] -0.18 [-1.28, 0.91] 
Ijmker, 2012 AD Word naming 
with 'R', 'G' or 
'P' 
9.88±5.28 12.88±6.78 3.00 [-2.36, 8.36] 0.53 [-0.50, 1.57] 
Muir, 2012 AD Backwards 
counting from 
100 by 1s 
2.67±1.08 4.86±2.74 2.19 [1.31, 3.07] 1.95 [0.93, 2.98] 
 
AD Animal naming 2.67±1.08 9.04±8.94 6.37 [5.49, 7.25] 5.68 [3.70, 7.67] 
 
AD Backwards 
counting from 
100 by 7s 
2.67±1.08 12.49±12.33 9.82 [8.94, 10.70] 8.76 [5.86, 11.66] 
Beauchet, 2014 
    
AD Backwards 
counting from 
50 by 1s 
5.61±4.00 8.85±7.40 3.24 [1.55, 4.93] 0.80 [0.36, 1.24] 
Hsu, 2014 AD Backwards 
counting from 
100 by 1s 
2.31±0.66 31.31±26.83 29.00 [28.43, 29.57] 42.18 [28.00, 56.36] 
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Wittwer, 2014 AD Carrying a tray 
with two empty 
glasses using 
both hands 
2.40±0.80 2.80±0.80 0.40 [-0.17, 0.97] 0.49 [-0.24, 1.21] 
Lin, 2016 AD Forwards 3-digit 
span  
5.20±1.90 5.80±5.00 0.60 [-1.76, 2.96] 0.29 [-0.96, 1.54] 
 
AD Backwards 3-
digit span 
5.20±1.90 9.90±3.80 4.70 [2.34, 7.06] 2.23 [0.47, 4.00] 
Stride length CV 
    
Camicioli, 2006 
    
AD (w/≤3 
EPS) 
Forwards 
counting from 1 
by 1s 
5.73±3.36 4.27±2.33 -1.46 [-2.34, 5.26] -0.40 [-0.75, 1.55] 
    AD (w/>3 
EPS) 
Forwards 
counting from 1 
by 1s 
5.78±2.25 5.59±2.51 -0.19 [-1.48, 1.86] -0.08 [-0.66, 0.82] 
Taylor, 2013 
 
Cognitive 
impairment 
(non-multiple 
faller) 
Carrying a glass 
filled with water 
2.63±1.62 3.17±2.05 0.54 [-0.46, 1.54] 0.33 [-0.30, 0.95] 
    Cognitive 
impairment 
(multiple 
faller) 
Carrying a glass 
filled with water 
4.20±2.54 5.76±4.66 1.56 [-0.56, 3.68] 0.59 [-0.27, 1.45] 
    Cognitive 
impairment 
(non-multiple 
faller) 
Backwards 
counting from 
30 by 1s 
2.63±1.62 3.74±2.83 1.11 [0.11, 2.11] 0.67 [0.03, 1.31] 
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    Cognitive 
impairment 
(multiple 
faller) 
Backwards 
counting from 
30 by 1s 
4.20±2.54 6.34±5.03 2.14 [0.02, 4.26] 0.81 [-0.07, 1.69] 
Wittwer, 2014 AD Carrying a tray 
with two empty 
glasses using 
both hands 
3.20±1.00 3.90±1.50 0.70 [-0.02, 1.42] 0.68 [-0.06, 1.42] 
Lin, 2016 AD Forwards 3-digit 
span 
6.70±5.30 7.70±3.40 1.00 [-5.57, 7.57] 0.17 [-1.07, 1.41] 
 
AD Backwards 3-
digit span 
6.70±5.30 10.40±2.30 3.70 [-2.87, 10.27] 0.63 [-0.66, 1.92] 
Swing time CV  
     
Camicioli, 2006 
    
AD (w/≤3 
EPS) 
Forwards 
counting from 1 
by 1s 
6.15±4.19 8.58±4.53 2.43 [-2.14, 7.00] 0.54 [-0.58, 1.66] 
    AD (w/>3 
EPS) 
Forwards 
counting from 1 
by 1s 
7.95±3.92 11.09±7.40 3.14 [0.28, 6.00] 0.78 [0.02, 1.54] 
Taylor, 2013 
   
Cognitive 
impairment 
(non-multiple 
faller) 
Carrying a glass 
filled with water 
6.25±3.39 6.74±5.30 0.49 [-1.59, 2.57] 0.14 [-0.47, 0.75] 
   Cognitive 
impairment 
(multiple 
faller) 
Carrying a glass 
filled with water 
8.07±4.37 10.65±7.67 2.58 [-1.07, 6.23] 0.57 [-0.29, 1.42] 
-80- 
   Cognitive 
impairment 
(non-multiple 
faller) 
Backwards 
counting from 
30 by 1s 
6.25±3.39 9.42±7.31 3.17 [1.09, 5.25] 0.92 [0.27, 1.56] 
   Cognitive 
impairment 
(multiple 
faller) 
Backwards 
counting from 
30 by 1s 
8.07±4.37 15.06±11.25 6.99 [3.34, 10.64] 1.54 [0.56, 2.51] 
Hsu, 2014 AD Backwards 
counting from 
100 by 1s 
2.67±0.69 17.24±12.99 14.57 [13.98, 15.16] 20.27 [13.42, 27.13] 
Walking speed CV 
    
Beauchet, 2014 
    
AD Backwards 
counting from 
50 by 1s 
8.25±5.00 11.49±7.10 3.24 [1.13, 5.35] 0.64 [0.21, 1.08] 
Base of support CV 
    
Camicioli, 2006 
   
AD (w/≤3 
EPS) 
Forwards 
counting from 1 
by 1s 
23.7±13.45 29.6±22.80 5.90 [-8.77, 20.57] 0.41 [-0.70, 1.54] 
   AD (w/>3 
EPS) 
Forwards 
counting from 1 
by 1s 
18.7±15.3 19.3±11.90 0.60 [-10.54, 11.74] 0.04 [-0.69, 0.77] 
Double support time CV 
    
Camicioli, 2006 
   
AD (w/≤3 
EPS) 
Forwards 
counting from 1 
by 1s 
11.20±6.96 8.65±4.88 -2.55 [-10.14, 5.04] -0.34 [-0.44, 0.76] 
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   AD (w/>3 
EPS) 
Forwards 
counting from 1 
by 1s 
15.10±11.60 19.70±20.3 4.60 [-3.85, 13.05] 0.39 [-0.35, 1.12] 
Left stride length CV 
    
Camicioli, 2004 
   
AD (non-faller) Forwards 
counting from 1 
by 1s 
5.79±2.95 5.25±3.47 -0.54 [-2.90, 1.82] -0.18 [-0.98, 0.63] 
   AD (faller) Forwards 
counting from 1 
by 1s 
5.89±3.20 5.67±3.48 -0.22 [-3.18, 2.74] -0.07 [-0.99, 0.86] 
Left base of support CV 
    
Camicioli, 2004 
   
AD (non-faller) Forwards 
counting from 1 
by 1s 
15.13±10.82 24.71±21.95 9.58 [0.92, 18.24] 0.85 [0.01, 1.70] 
   AD (faller) Forwards 
counting from 1 
by 1s 
22.22±21.58 18.06±10.11 -4.16 [-24.10, 15.78] -0.18 [-1.11, 0.74] 
Right stride length CV 
    
Camicioli, 2004 
   
AD (non-faller) Forwards 
counting from 1 
by 1s 
5.38±2.67 5.25±3.82 -0.13 [-2.27, 2.01] -0.05 [-0.85, 0.75] 
    AD (faller) Forwards 
counting from 1 
by 1s 
6.11±3.60 4.83±2.57 -1.28 [-4.61, 2.05] -0.34 [-1.27, 0.59] 
Right base of support CV 
    
Camicioli, 2004 
    
AD (non-faller) Forwards 
counting from 1 
by 1s 
22.67±21.39 23.42±22.61 0.75 [-16.37, 17.87] 0.03 [-0.77, 0.83] 
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   AD (faller) Forwards 
counting from 1 
by 1s 
22.06±21.16 22.72±21.61 0.66 [-18.89, 20.21] 0.03 [-0.89, 0.95] 
Step regularity  
     
Gillian, 2009 AD Backwards 
counting from 
50 by 1s 
227.00±82.00 139.00±81.00 -88.00 [-219.22, -
43.22] 
0.86 [-0.94, 2.66]* 
Stance time CV  
     
Hsu, 2014 AD Backwards 
counting from 
100 by 1s 
3.31±0.84 43.31±37.32 40.00 [39.28, 40.72] 45.71 [30.35, 61.80] 
Stance period CV 
    
Hsu, 2014 AD Backwards 
counting from 
100 by 1s 
4.78±5.48 12.3±10.18 7.52 [2.83, 12.21] 1.32 [0.35, 2.32] 
Swing period CV 
    
Hsu, 2014 AD Backwards 
counting from 
100 by 1s 
5.74±7.80 18.95±15.09 13.21 [6.53, 19.89] 1.63 [0.61, 2.64] 
Step time variance 
    
Konig, 2017 AD Backwards 
counting from 
305 by 1s 
6.70±7.10 10.20±9.90 3.50 [-2.31, 9.31] 0.47 [-0.36, 1.31] 
Stride time DFA       
Lamoth, 2011 AD Word naming 
with 'R' or 'G' 
0.84±0.16 0.84±0.11 0.00 [-0.17, 0.17] 0.00 [-1.09, 1.09] 
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 SD=Standard deviation; ES=Effect size; CI=Confidence interval; CV=Coefficient of variation; AD=Alzheimer’s disease; w/=with; EPS=extra-
pyramidal signs; IEF=Impaired executive function; bvFTD=Behvioural variant frontotemporal degeneration; FTD=Frontotemporal degeneration; 
*=ES was reversed to indicate change in the direction of other outcome measures. ESs were calculated as standardized mean difference and 95% 
CI.   
-84- 
TABLE 2.6a Gait outcomes for cognitive status comparisons: Control vs. Mild Cognitive Impairment 
Author, Year  
[reference] Task 
Control group Cognitive impairment group 
Mean Difference  
(95% CI) 
Between group 
ES (95% CI) Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Stride time CV       
Montero-
Odasso, 2012 
Backwards counting 
from 100 by 7s 
1.86±0.66 3.74±3.31 2.68±1.31 9.84±10.13 5.28 [4.73, 5.83] 4.67 [3.72,5.61] 
 
Naming animals 1.86±0.66 3.59±2.95 2.68±1.31 7.16±7.76 2.75 [2.20, 3.30] 2.43 [1.78, 3.08] 
Muir, 2012 Backwards counting 
from 100 by 1s 
1.72±0.66 2.12±1.35 2.59±1.47 4.06±2.37 1.07 [0.41, 1.73] 0.88 [0.30, 1.47] 
 
Naming animals 1.72±0.66 2.69±1.57 2.59±1.47 8.02±8.88 4.46 [3.80, 5.12] 3.68 [2.76, 4.61] 
 
Backwards counting 
from 100 by 7s 
1.72±0.66 3.14±2.18 2.59±1.47 10.07±9.29 6.06 [5.40, 6.72] 5.00 [3.85, 6.16] 
Nascimbeni, 
2015 
Word naming with 'F', 
'A', or 'S' 
3.58±1.99 4.44±1.69 3.17±1.12 5.52±3.04 1.49 [0.21, 2.77] 0.92 [0.05, 1.80] 
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Short story recall 3.58±1.99 5.57±2.60 3.17±1.12 5.42±1.81 0.26 [-1.02, 1.54] 0.16 [-0.66, 0.99] 
 
Backwards counting 
from 378 or 283 by 1s 
3.58±1.99 3.93±1.70 3.17±1.12 5.07±3.30 2.09 [0.81, 3.37] 1.30 [0.38, 2.22] 
Lee, 2018 Backwards counting 
from 100 by 1s 
2.77±1.05 4.49±1.90 2.44±0.99 11.21±6.84 7.05 [6.05, 8.05] 6.53 [3.75, 9.32] 
Step regularity       
Gillian, 2009 Backwards counting 
from 50 by 1s 
276.00±35.00 258.00±38.00 287.00±29.00 224.00±47.00 -45.00 [-68.81, -21.19] 1.36 [0.52, 2.19]* 
Martinez-
Ramirez, 2016 
Backwards counting 
from 100 by 1s 
0.48±0.21 0.47±0.17 0.58±0.18 0.51±0.21 -0.06 [-0.21, 0.09] 0.29 [0.45, 1.03]* 
 
Naming animals 0.48±0.21 0.40±0.21 0.58±0.18 0.37±0.21 -0.13 [-0.28, 0.02] 0.63 [0.12, 1.39]* 
Stride regularity       
Martinez-
Ramirez, 2016 
Backwards counting 
from 100 by 1s 
0.45±0.20 0.43±0.20 0.59±0.16 0.44±0.19 -0.13 [-0.27, 0.01] 0.68 [0.08, 1.43]* 
 
Naming animals 0.45±0.20 0.36±0.22 0.59±0.16 0.38±0.14 -0.12 [-0.26, 0.02] 0.62 [0.13,1.38]* 
Step time CV       
-86- 
Martinez-
Ramirez, 2016 
Backwards counting 
from 100 by 1s 
0.12±0.05 0.13±0.06 0.09±0.02 0.11±0.05 0.01 [-0.02, 0.04] 0.23 [-0.51, 0.97] 
 
Naming animals 0.12±0.05 0.14±0.07 0.09±0.02 0.15±0.06 0.04 [0.01, 0.07] 0.92 [0.15, 1.70] 
Step time variance       
Konig, 2017 Backwards counting 
from 305 by 1s 
4.50±4.90 3.90±5.40 5.70±4.50 6.80±5.30 1.70 [-1.02, 4.42] 0.36 [-0.23, 0.94] 
Approximate entropy 
      
Martinez-
Ramirez, 2016 
Backwards counting 
from 100 by 1s 
0.27±0.36 2.42±2.89 0.16±0.12 2.12±1.65 -0.19 [-0.41, 0.03] -0.62 [-1.37, 0.14] 
 
Naming animals 0.27±0.36 3.67±4.12 0.16±0.12 3.7±2.41 0.14 [-0.08, 0.36] 0.45 [-0.29, 1.20] 
SD=Standard deviation; ES=Effect size; CI=Confidence interval; CV=Coefficient of variation; *=ES was reversed to indicate change in the 
direction of other outcome measures. ESs were calculated as standardized mean difference and 95% CI.  
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TABLE 2.6b Gait outcomes for cognitive status comparisons: Control vs. dementia (including Alzheimer’s disease) 
Author, Year  
[reference] Task 
Control group Cognitive impairment group 
Mean Difference  
(95% CI) 
Between group ES 
(95% CI) Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Single-
task 
Mean±SD 
Dual-task 
Mean±SD 
Stride time CV        
Allali, 2008 Backwards 
counting from 
50 by 1s 
1.47±1.11 2.17±1.43 1.17±0.56 4.10±3.47 2.23 [1.64, 2.82] 2.37 [1.51, 3.22] 
 
Backwards 
counting from 
50 by 1s 
1.47±1.11 2.17±1.43 2.77±2.02 14.33±13.72 10.86 [9.87, 11.85] 6.74 [5.06, 8.41] 
Allali, 2010 Backwards 
counting from 
50 by 1s 
1.70±0.50 2.70±0.90 7.70±8.00 8.30±6.20 -0.40 [-3.83, 3.03] -0.07 [-0.68, 0.54] 
 
Backwards 
counting from 
50 by 1s 
1.70±0.50 2.70±0.90 3.10±1.20 6.00±3.10 1.90 [1.35, 2.45] 2.09 [1.32, 2.87] 
Beauchet, 2011 Backwards 
counting from 
50 by 1s 
1.30±1.00 1.70±1.40 5.00±2.50 7.60±6.70 2.20 [1.42, 2.98] 1.61 [0.98, 2.23] 
Lamoth, 2011 Word naming 
with 'R' or 'G' 
2.95±1.77 5.00±2.67 4.2±2.70 3.67±1.67 -2.58 [-4.33, -0.83] -1.09 [-1.93, -0.26] 
Ijmker, 2012 Word naming 
with 'R', 'G' or 
'P' 
3.51±0.88 4.26±1.0 9.88±5.28 12.88±6.78 2.25 [-0.55, 5.05] 0.57 [-0.18, 1.31] 
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Muir, 2012 Backwards 
counting from 
100 by 1s 
1.72±0.66 2.12±1.35 2.67±1.08 4.86±2.74 1.79 [1.26, 2.32] 1.95 [1.23, 2.68] 
 
Animal naming 1.72±0.66 2.69±1.57 2.67±1.08 9.04±8.94 5.40 [4.87, 5.93] 5.90 [4.49, 7.30] 
 
Backwards 
counting from 
100 by 7s 
1.72±0.66 3.14±2.18 2.67±1.08 12.49±12.33 8.40 [7.87, 8.93] 9.17 [7.10, 11.24] 
Hsu, 2014 Backwards 
counting from 
100 by 1s 
2.02±0.78 14.38±18.
37 
2.31±0.66 31.31±26.83 16.64 [16.26, 17.02] 22.03 [18.26, 25.79] 
Lin, 2016 Forwards 3-
digit span 
3.40±1.90 4.30±1.20 5.20±1.90 5.80±5.00 -0.30 [-1.97, 1.37] -0.15 [-1.03, 0.73] 
 
Backwards 3-
digit span 
3.40±1.90 4.20±1.80 5.20±1.90 9.90±3.80 3.90 [2.23, 5.57] 1.97 [0.86, 3.08] 
Stride length CV       
Lin, 2016 Forwards 3-
digit span 
3.40±1.00 4.20±1.70 6.70±5.30 7.70±3.40 0.20 [-3.14, 3.54] 0.05 [-0.83, 0.93] 
 
Backwards 3-
digit span 
3.40±1.00 7.50±13.0
0 
6.70±5.30 10.40±2.30 -0.40 [-3.74, 2.94] -0.10 [-0.98, 0.78] 
Step regularity        
Gillian, 2009 Backwards 
counting from 
50 by 1s 
276.00±35.
00 
258.00±38
.00 
227.00±82
.00 
139.00±81.0
0 
-70.00 [-120.17, -
19.83] 
1.28 [0.22, 2.33]* 
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Stance time CV 
       
Hsu, 2014 Backwards 
counting from 
100 by 1s 
3.13±1.07 19.47±27.
4 
3.31±0.84 43.31±37.32 23.66 [23.15, 24.17] 23.20 [19.24, 27.16] 
Swing time CV        
Hsu, 2014 Backwards 
counting from 
100 by 1s 
2.47±0.64 13.23±8.7
7 
2.67±0.69 17.24±12.99 6.81 [6.48, 7.14] 10.29 [8.47, 12.10] 
Stance period 
CV        
Hsu, 2014 Backwards 
counting from 
100 by 1s 
1.8±0.47 5.97±4.08 4.78±5.48 12.3±10.18 3.35 [1.83, 4.87] 1.11 [0.57, 1.66] 
Swing period 
CV        
Hsu, 2014 Backwards 
counting from 
100 by 1s 
2.17±0.58 6.88±5.91 5.74±7.8 18.95±15.09 8.50 [6.35, 10.65] 1.99 [1.38, 2.60] 
Step time variance        
Konig, 2017 Backwards 
counting from 
305 by 1s 
4.50±4.90 3.90±5.40 6.70±7.10 10.20±9.90 4.10 [0.52, 7.68] 0.66 [0.06, 1.26] 
Stride time DFA       
Lamoth, 2011 Word naming 
with 'R' or 'G' 
0.87±0.15 0.74±0.15 0.84±0.16 0.84±0.11 0.13 [0.01, 0.25] 0.81 [0.01, 1.62] 
SD=Standard deviation; ES=Effect size; CI=Confidence interval; CV=Coefficient of variation; DFA=Detrended fluctuation analysis; *=ES was 
reversed to indicate change in the direction of other outcome measures. ESs were calculated as standardized mean difference and 95% CI.  
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TABLE 2.7 Gait outcome: within study MCI vs. dementia 
Author, Year  
[reference] Task 
Control group 
Cognitive impairment 
group Mean 
Difference  
(95% CI) 
Between group ES 
(95% CI) Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Single-task 
Mean±SD 
Dual-task 
Mean±SD 
Stride time CV        
Muir, 2012 
Backwards 
counting 
from 100 
by 1s 
2.59±1.47 4.06±2.37 2.67±1.08 4.86±2.74 0.72 [0.00, 1.44] 0.54 [-0.02, 1.10] 
 Animal 
naming 2.59±1.47 8.02±8.88 2.67±1.08 9.04±8.94 0.94 [0.22, 1.66] 0.71 [0.14, 1.27] 
 
Backwards 
counting 
from 100 
by 7s 
2.59±1.47 10.07±9.29 2.67±1.08 12.49±12.33 2.34 [1.62, 3.06] 1.76 [1.11, 2.41] 
Step regularity        
Gillian, 2009 
Backwards 
counting 
from 50 by 
1s 
287.00±29.00 224.00±47.00 227.00±82.00 139.00±81.00 -25.00 [-72.58, 22.58] 0.48 [-0.49, 1.45]* 
Step time variance        
Konig, 2017 
Backwards 
counting 
from 305 
by 1s 
5.70±4.50 6.80±5.30 6.70±7.10 10.20±9.90 2.40 [-0.98, 5.78] 0.40 [-0.18, 0.98] 
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MCI=Mild Cognitive Impairment; SD=Standard deviation; ES=Effect size; CI=Confidence interval; CV=Coefficient of variation; *=ES was 
reversed to indicate change in the direction of other outcome measures. ESs were calculated as standardized mean difference and 95% CI. 
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TABLE 2.8 Stratification of outcomes for meta-analysis 
Grouping Stratification Variable Tau2 Q df  I2 Z  ES 
Single-task vs. 
Dual-task 
Total 
 
1.32 553.30 84 (P<0.00001) 85% N/A SMD 
 
Cognitive status MCI only 2.21 233.29 29 (P<0.00001) 88% N/A SMD 
  
Dementia only 0.84 269.47 54 (P<0.00001) 80% N/A SMD 
 
Cognitive status 
and gait outcome 
MCI and stride time CV only 5.24 96.03 16 (P<0.00001) 83% N/A MD  
  
Dementia and stride time CV 
only 
6.61 112.18 18 (P<0.00001) 84% N/A MD 
 
Cognitive status, 
gait outcome and 
dual-task 
paradigm 
MCI, stride time CV and 
backwards counting by 1s 
7.79 90.76 4 (P<0.00001) 96% N/A MD 
 
MCI, stride time CV, 
categorical verbal fluency 
3.39 74.21 4 (P<0.00001) 95% N/A MD 
  
Dementia, stride time CV, 
Backwards counting by 1s 
169.27 4964.94 6 (P<0.00001) 100% N/A MD 
  
Dementia, stride time CV, 
categorical verbal fluency 
 
17.43 20.38 2 (P<0.0001) 90% N/A MD 
Control vs. 
Cognitively 
impaired 
Total 
 
3.35 20054.93 40 (P<0.00001) 100% N/A SMD 
Cognitive status MCI only 0.21 1174.57 18 (P<0.00001) 98% N/A SMD 
 
Dementia only 58.08 14707.80 21 (P<0.00001) 100% N/A SMD 
Cognitive status 
and gait outcome 
MCI and stride time CV only 4.46 245.24 8 (P<0.00001) 97% N/A MD 
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Dementia and stride time CV 
only 
42.5 3917.86 12 (P<0.00001) 100% N/A MD 
 
Cognitive status, 
gait outcome and 
dual-task 
paradigm 
MCI, stride time CV and 
backwards counting by 1s 
11.21 96.88 2 (P<0.00001) 98% N/A MD 
 
MCI, stride time CV, 
categorical verbal fluency 
1.57 23.3 2 (P<0.00001) 91% N/A MD 
  
Dementia, stride time CV, 
Backwards counting by 1s 
78.01 2845.79 4 (P<0.00001) 100% N/A MD 
  
Dementia, stride time CV, 
categorical verbal fluency 
23.33 75.82 2 (P<0.00001) 97% N/A MD 
Within study: 
MCI vs. 
Dementia 
Total   0 3.74 4 (0.44) 0% 3.06 
(0.002) 
SMD 
MCI=Mild Cognitive Impairment; I2=Measures heterogeneity; Z=Test for overall effect; ES=Effect size; SMD=Standardized mean difference; 
MD=Mean difference; CV=Coefficient of variance; P=p value, denoting significance.  
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CHAPTER 3: STUDY 
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3.2 PREAMBLE  
The preceding chapter (Chapter 2) detailed the dual-task cost of gait performance in 
cognitively impaired older adults. The majority of the studies (92%) reported linear gait 
outcome measures only, with nonlinear gait outcome measures reported in just two studies 
(8%). The low representation of nonlinear gait dynamics data may distort the understanding 
of how impactful dual-tasking is on cognitively impaired older adults. Additionally, the 
reporting of characteristics associated dual-task gait dynamics was lacking, which limits the 
understanding of what contributes to dual-task cost in cognitively impaired older adults. This 
chapter (Chapter 3) presents the findings of a study that used both linear and nonlinear 
measures to determine the effects of dual-tasking on gait dynamics in adults with cognitive 
impairment, and identified physical, psychosocial, and structural brain characteristics 
associated with dual-task cost. 
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3.3 ABSTRACT 
Objectives 
Individuals with Mild Cognitive Impairment (MCI) have increased gait variability. Dual-
tasking can detect interactions between gait dynamics, including variability, and cognition. 
We aimed to determine the acute effects of dual-tasking on gait dynamics and cognition in 
MCI and to identify associated clinical characteristics.  
 
Design  
Acute exposure to dual-tasking during baseline assessment of a randomized controlled trial. 
 
Setting and participants 
 Ninety-three individuals with MCI (mean age 70±6.8 years; 66.6% female) from the 
interventional ‘SMART Study’. 
 
Methods 
Cognition, gait, brain Magnetic Resonance Imaging (MRI), muscle strength, aerobic 
capacity, body composition, physical and psychosocial function were assessed. Dual-task gait 
was measured using force-sensitive insoles to quantify temporal gait dynamics; specifically, 
stride time variability and DFA (detrended fluctuation analyses fractal scaling exponent). The 
relationship between gait dynamics and cognitive performance was evaluated using linear 
mixed models with repeated measures, adjusted for confounders. Linear regression explored 
hypothesized mediators of the potential dual-tasking deficits. 
 
Results  
Gait dynamics worsened significantly during dual-tasking, with performance decrements in 
both stride time variability (p<0.001) and DFA (p=0.001). Lower aerobic capacity and thinner 
-98- 
posterior cingulate cortex were associated with greater performance decrements in DFA; 
whereas smaller hippocampal volume, worse psychological well-being and poorer static 
balance were associated with greater performance decrements in stride time variability.  
Notably, cognitive performance on the secondary dual-task did not change under dual-task 
conditions.  
 
Conclusions/implications 
Participants with MCI preserved their cognitive performance at the cost of their gait dynamics 
when dual-tasking.  We have shown, for the first time that the decrements in dual-tasking gait 
are associated with lower aerobic fitness, balance, psychological well-being, and brain 
volume in cognitively-relevant areas of the posterior cingulate and hippocampus in MCI; all 
of these characteristics are modifiable by exercise. Thus, targeted exercise interventions are 
needed to determine the potential plasticity of gait dynamics when stressed in vulnerable 
cohorts. 
 
Key words 
Dual-task, Gait variability, Gait dynamics, Mild cognitive impairment, and Walking. 
 
 
 
 
  
-99- 
3.4 INTRODUCTION 
The prevalence of gait disorders increases with age, affecting up to 35% of community-
dwelling older adults [1]. Increasing gait variability is associated with increased risk of falls 
[2] and reduced mobility [3]. Mild Cognitive Impairment (MCI), an intermediate stage 
between normal cognition and dementia, is associated with greater gait variability [4] and 
double the risk of injurious and multiple falls compared to cognitively normal adults [5]. 
Dual-tasking is a sensitive method used to investigate interactions between gait variability 
and cognitive domains [6, 7], and is associated with increased fall risk amongst older adults 
[8]. Dual-tasking impairs gait in individuals with deficits in cognitive function, including 
MCI and Alzheimer’s disease [7]. 
 
Despite the well-characterized worsening of gait under dual-task conditions, studies 
evaluating dual-task associations in older adults with MCI are limited. Identification of 
modifiable characteristics associated with gait dynamics under dual-task conditions may lead 
to targeted interventions to reduce falls in older adults with MCI. Therefore, we aimed to 
determine the effects of dual-tasking on gait dynamics and cognitive performance in adults 
with MCI, and to identify physical, psychosocial, and structural brain characteristics 
associated with decrements due to dual-tasking (dual-task cost). We hypothesized that there 
would be a worsening of both gait and the performance of the secondary cognitive task during 
the dual-task condition, and that these reductions would be associated with lower strength, 
aerobic capacity, functional performance, psychosocial function and smaller hippocampal 
volume and posterior cingulate cortex thickness. These factors were selected a priori due to 
their known decrements in cognitive impairment, frailty, or falls [9].  
 
3.5 METHODS 
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The complete study protocol for the Study of Mental and Resistance Training (SMART) has 
been published [10], with primary [11] and secondary outcomes published [12, 13]. The study 
was approved by the Royal Prince Alfred Human Research Ethics Committee (X04-0064), 
and written informed consent was obtained from all participants. The study was registered 
with the Australia New Zealand Clinical Trials Registry (ACTRN12608000489392). 
 
Participants 
One hundred community-dwelling older adults with MCI (Peterson criteria [14]) were 
recruited. Two participants could not wear gait monitors due to fused toes, while technical 
issues, including incomplete data recording, precluded full gait data in five others. Thus, gait 
dynamics data were available for 93 participants. All participants were assessed within the 
research clinic space at The University of Sydney Cumberland Campus at Lidcombe in New 
South Wales, Australia.  
 
Assessment of cognitive function 
Baseline cognitive function has been published [10]. The primary outcome of the SMART 
trial was global cognition assessed using the Alzheimer’s Disease Assessment Scale - 
Cognition (ADAS-Cog). Attention/speed was assessed via Symbol Digit Modalities Test 
(SDMT) and Trail Making Test A. Executive function was assessed by Matrices and 
Similarities subtests of the Wechsler Adult Intelligence Scale 3rd Edition (WAIS-III) and 
verbal fluency (Controlled Oral Words Association Test (COWAT) and Animal Naming) and 
the difference between Trail Making Tests B and A (Trails B – A). Memory tests included 
auditory Logical Memory I (immediate) and II (delayed) subtests of the Wechsler Memory 
Scale 3rd Edition (WMS-III) and the List Learning subsection of the ADAS-Cog, and visual 
via Benton Visual Retention Test-Revised 5th Edition (BVRT-R). Global Domain was the 
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average of all z-scores for the gait sample participants (n=93). This included all tests except 
List Learning, as it was already included within ADAS-Cog total score. 
 
Assessment of letter fluency at rest and during ambulation 
Letter fluency, a subcategory of verbal fluency, was assessed using the COWAT [15] to 
measure cognitive performance. Participants were instructed to name as many words 
beginning with the letter “F” in 1 minute (FSINGLE), excluding proper nouns, repeated words, 
and variations of the same word using a prefix or suffix (e.g., bath and bathing). A score was 
calculated by totaling the number of admissible words. 
 
Assessment of gait dynamics  
Gait dynamics were assessed similarly to methods previously described [2, 16, 17]. Briefly, 
force-sensitive insoles were placed in the participants’ shoes to measure the force applied to 
the ground during ambulation. Two sensors were used, one under the heel and another under 
the forefoot and toes. A small, lightweight recorder with an on-board A/D converter (12 bit) 
was worn on the ankle to sample the output of the insoles at 300Hz and record the data. The 
digitized data were transferred to a workstation for analysis, using software that extracts the 
initial contact time of each stride [17].   
 
Participants were instructed to walk at their preferred walking speed for two minutes in a 
well-lit, indoor hallway with an open path of 25 meters in length. When at the end of the 
hallway a large half circle turn was instructed rather than turning on the spot. The first and 
last ten seconds of each assessment were removed to minimize starting acceleration or ending 
deceleration effects, and a median filter was applied to data points that were three SDs higher 
or lower than the median value to remove any outliers due to turns or other irregular gait 
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patterns [16]. Participants were instructed to wear habitual, low-heeled shoes, comfortable 
clothing, visual and hearing aids, if required. 
 
Gait assessment was performed under two conditions, ‘single-task’ (undistracted walking) 
and ‘dual-task’ (distracted walking), in a randomized order with no instruction about task 
priority. Stride time variability (coefficient of variation, CV) and detrended fluctuation 
analyses fractal scaling exponent (DFA) [18-20] were calculated for both single-task 
[(CVSINGLE) and (DFASINGLE)] and dual-task [(CVDUAL) and (DFADUAL)] conditions. To 
assess stride-to-stride variability and arrhythmicity of gait, the coefficient of variation (CV) 
in each participant’s stride time was calculated using the formula CV = (Standard Deviation 
/ Mean) * 100, with lower CV indicating more stable gait. To quantify how the dynamics of 
stride times fluctuate and change over time, we applied detrended fluctuation analysis (DFA) 
to each participant’s sequence of stride times. Specifically, DFA is a scaling analysis method 
used to quantify long-range power-law correlations in signals, and evaluates the fractal 
scaling of exponents and the degree of randomness in highly non-stationary physiological 
data. DFA eliminates trends in time-series, and can therefore avoid the spurious detection of 
correlations from non-stationary artefacts. In general, physiologically healthy systems have 
fractal scaling indices between 0.8 and 1.0, with values closer to 0.5 indicating a less healthy 
state [21]. The importance of this index is supported by findings among adults with known 
altered gait dynamics, in whom a lower fractal scaling index was the only gait dynamics 
parameter found to distinguish fallers from non-fallers [21]. The CV and DFA assess and 
quantify the changes over time in gait through different methods, the former captures the 
magnitude of the changes and the latter captures changes over time. Both are necessary to 
assess the totality of gait dynamics and associated factors. 
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The secondary task was the COWAT test, with the number of correct “F words” counted in 
the first minute of walking (FDUAL). The letter “F” was selected to remain consistent with the 
seated COWAT test described above (FSINGLE). No instruction was provided about 
prioritizing performance of either the walking or cognitive task but they were encouraged to 
do their best during all trials.  The words were recorded using a portable recorder (Samsung 
YP-U3, Samsung Electronics Co., South Korea) and the recording was subsequently 
reviewed by the research assistant who counted the number of admissible words during the 
first and second minute. The number of correct words in the first minute of the dual-task gait 
condition (FDUAL) was compared to the number of correct words during the FSINGLE condition. 
The order was not randomized for the assessment of “F” words, with the dual-task condition 
performed 1 week after the seated COWAT. The ‘dual-task cost’ for CV, DFA and F words 
were calculated (CVCOST= CVDUAL – CVSINGLE; DFACOST= DFADUAL – DFASINGLE; FCOST = 
FDUAL – FSEINGLE).  
 
Assessment of Neuroimaging Outcomes 
Details of the neuroimaging assessment outcomes have been published [10, 13]. Magnetic 
Resonance Imaging (MRI) data were acquired using a 3.0-Tesla Philips Achieva System 
(Achieva, Phillips Healthcare, Best, The Netherlands). Brain structure was assessed using a 
T1-weighted whole brain scan (sequence: T1TFE; TR/TE: 6.39/2.9 ms; slice thickness 1.0 
mm without gap; field of view: 256 × 256; resolution 1 × 1 mm). Brain volumes were assessed 
using 1H-MRS for regional measures: left hippocampus (20 mm M/L, 15 mm D/V, 30 mm 
A/P, oriented along the hippocampus) and posterior cingulate grey matter (20 mm M/L, 20 
mm D/V, 20 mm A/P) using the PRESS sequence (TE/ TR = 30/2000 ms, 1024 points, 256 
averages). Automated and semi-automated computational neuroanatomical analyses were 
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performed using a combination of different software packages, in addition to expert manual 
tracing of hippocampus. 
 
Assessment of peak strength 
Maximal strength testing was assessed via the one-repetition maximum (1RM) on Keiser 
pneumatic resistance machines (Keiser Sports Health Equipment, Ltd., Fresno, CA). 
Participants’ 1RM was determined on the leg press, knee extension, hip abduction, chest press 
and seated row machines. One RM tests were performed twice, one week apart, with the best 
performance used. 
 
Assessment of peak aerobic capacity 
Aerobic capacity (VO2peak) was determined via indirect calorimetry during a physician-
administered, graded treadmill walking test to volitional fatigue. Methods and data handling 
have been previously published [12]. 
 
Measures of physical function 
Details of the physical function assessments have been published [10]. Static balance was 
assessed on one attempt using six different positions (wide stance, narrow stance, semi-
tandem stance, tandem stance, one leg with eyes open and one leg with eyes closed). The 
time achieved for each stance was measured, with participants instructed to maintain balance 
for 15 seconds. The total static balance score (maximum 90) was calculated by summing the 
time for all six positions [22]. All other physical function testing was done in duplicate, with 
the better score used in analyses except for habitual gait velocity, for which the average was 
used. Habitual and maximal gait velocities were assessed over two metres using an Ultra-
timer (Raymar, Oxfordshire, UK). Participants were instructed to start walking, with the timer 
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initiated after the participant had walked 2-meters and the timer automatically stopping as 
soon as the participant had walked a further 2-meters. The participant was instructed to walk 
to an endpoint 3-meters beyond where the timing would stop. This process was implemented 
to avoid the recording of acceleration and deceleration. Dynamic balance was assessed using 
the time taken to forward tandem walk over a 3-meter marked course. The instruction to the 
participant was to walk as quickly as possible and with as few errors as possible. Errors 
included touching the examiner or any object in the assessment environment, stepping 
without heel-toe contact and losing balance requiring the support of the examiner. Time was 
only stopped when the participant’s whole foot crossed the 3-meter line. Lower extremity 
function and power was assessed using the sit-to-stand [23] and stair climb tests [10]. For the 
sit-to-stand, participants were instructed to stand up and sit down 5 times as quickly as 
possible.  Finally, stair climb power (W) was measured by asking participants to ascend a 
flight of stairs as quickly as possible.  Stair climb power was calculated using the following 
formula P (watts) = (M × D) × 9.8/t Where: M = Body mass (kg), D= Vertical distance (m), 
D = vertical height of the staircase, and t = Time (s). The 6-minute walk test (6MWT) was 
assessed twice, at least one week apart.  
   
Anthropometry and Body Composition  
Height, naked body mass and waist circumference were measured as the mean of triplicate 
measures after a 12-hour overnight fast. Height was measured to the nearest 0.1cm using 
stretch stature with a wall mounted Holtain stadiometer (Holtain Limited, Crymmych Pembs., 
UK). Body mass was measured using a calibrated scale HW-100k & SECA Wedderburn 
(>100 kg). Body Mass index (BMI) was calculated by dividing the participants’ body mass 
in kilograms by the square of their height in metres. Waist circumference was measured with 
Lufkin steel tape measure (W606 PM), using the International Diabetes Federation (IDF) 
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protocol [24]. Bioelectrical Impedance Analysis (BIA; RJL Systems, Inc., Clinton, MI, USA) 
was used to evaluate body composition. Whole body skeletal muscle mass (kg) [25] and fat 
free mass (kg) [26] were calculated using the average resistance and reactance values of three 
sequential BIA measures. Further details of the assessments are published [10].  
 
Measures of Psychosocial Function 
Details of the assessments used to measure psychosocial function and assess psycho-social 
well-being and quality of life have been published [10]. The following tests were used to 
measure psychosocial function and assessed psycho-social wellbeing and quality of life via 
the Life Satisfaction Scale (LSS) [27], Scale of Psychological Well Being (SPWB) [28], 
Quality of Life Scale (QOLS) [29], Physical and Mental Health Short-36 (SF-36), Depression 
Anxiety Stress Scale (DASS 21) [30], Memory Awareness Rating Scale – Memory 
Functioning Scale (MARS-MF) [31], Duke Social Support Index Scale (DSSIS) [32] and 
Life Experience Questionnaire (LEQ).  
 
Statistical Methods  
Data were inspected for normality. Normally-distributed data are presented as mean±SD and 
non-normally distributed data presented as median (interquartile range). All CV (CVSINGLE, 
CVDUAL and CVCOST) variables were log-transformed prior to use in parametric statistics. 
Sequential linear regression models (adjusted for age and sex) were constructed including 
potential confounders associated with the number of F words during the COWAT test 
(FSINGLE) and single- and dual-task gait dynamics (CVSINGLE and DFASINGLE). Next, linear 
mixed models with repeated measures were constructed to determine the effect of dual-
tasking on both letter fluency and gait dynamics. The single-task condition (FSINGLE, CVSINGLE 
and DFASINGLE) was entered as time point 1, and the ‘dual-task’ condition (FDUAL, CVDUAL 
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and DFADUAL) as time point 2. A compound symmetry covariance matrix was used. Models 
were adjusted for age and sex, with gait dynamics outcomes further adjusted for the order of 
the walking condition. Next, linear regression models were constructed to determine variables 
associated with FCOST, CVCOST and DFACOST. Models were adjusted for age, sex, and baseline 
score of the dependent variable and order of the condition for the gait dynamics assessment. 
All models involving cognitive performance (including FSINGLE and FCOST) were further 
adjusted for education, while models involving DFA were further adjusted for the number of 
medications, a covariate. Statistical significance was assumed at <0.05 level without 
Bonferroni adjustment, as all hypotheses were specified a priori. [33]. All data were analysed 
using IBM SPSS (version 24; IBM Corp., Armonk, NY). 
 
3.6 RESULTS 
Baseline clinical characteristics of the participants have been published [11]. Data for the 
available 93 participants (66.6% women), were similar to the overall cohort (p>0.05 for all 
variables). The average age was 70.0±6.8 years, MMSE score 27.5±1.4, and habitual gait 
speed 1.21±0.24 m/s, with 17% of participants having a gait speed below 1.0 m/s. Participant 
characteristics data are presented in Table 3.1.  
 
Factors associated with gait dynamics 
The number of medications prescribed was inversely associated with DFASINGLE (r=-0.23, 
p=0.029), but not CVSINGLE (r=-0.03, p=0.750). There were no associations between age, sex, 
years of education, smoking status, drinking status or the number of chronic diseases and 
either index of gait dynamics. Consequently, all analyses with DFACOST as a dependent 
variable were adjusted for the number of medications.  
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Dual-Task Cost 
Data are presented in Figure 3.1. As hypothesized, gait dynamics worsened significantly 
during dual-tasking, with decrements in performance observed for stride time variability 
(single-task 2.012 (0.767), dual-task 2.555 (2.227)) and DFA (single-task 0.804±0.151, dual-
task 0.745±0.160). However, contrary to our hypothesis, cognitive performance on the 
COWAT did not significantly change under dual-task conditions (single-task 13±5, dual-task 
12±4 (Figure 3.1). Changes in letter fluency (FCOST) were not associated with changes in gait 
dynamics for either CVCOST (r=-0.14, p=0.171) or DFACOST (r=0.03, p=0.746).  
 
Factors associated with changes in stride time variability during dual-tasking (CVCOST) 
Data are presented in Table 3.2. Contrary to our hypotheses, cognitive performance 
(executive function, memory, attention and global domains) was not associated with CVCOST 
under dual-task conditions (p>0.05). However, higher CVCOST was associated with smaller 
(or lower) left hippocampus volume (r=-0.35, p=0.023) with a similar trend for total 
hippocampus volume (r=-0.31, p=0.050). Gait dynamics and brain morphology data are 
presented in Figure 3.2. 
 
Worse dynamic balance (longer tandem walk time) was directly associated with a higher 
CVCOST (r=0.28, p=0.022). However, CVCOST was not associated with body composition, 
aerobic capacity, strength or other measures of functional performance.  
 
As hypothesized, psychological well-being was inversely associated with CVCOST, with 
higher Environmental Mastery, Personal Growth, Personal Relations, Purpose in Life, Self-
acceptance and total score on the Psychological Wellbeing Scale associated with preservation 
of gait under dual-task conditions (p<0.05). Similarly, CVCOST was inversely associated with 
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Duke Social Support Index Scale (DSSIS), indicating that the lower level of, and satisfaction 
with, social support was associated with a greater gait impairment during dual-task conditions 
(p<0.05).  
 
Factors associated with changes in fractal scaling exponent of gait during dual-tasking 
(DFACOST) 
Contrary to our hypotheses, cognition and psychosocial function were not associated with 
DFACOST under dual-task conditions (p>0.05).  Notably, as anticipated, greater left (r=0.23, 
p=0.026) and total (r=0.25, p=0.015) posterior cingulate cortex thickness as well as better 
performances in the 6MWT (r=0.25, p=0.025) and aerobic capacity (r=0.24, p=0.033) were 
related to preservation of gait during dual-tasking.  However, DFACOST was unrelated to lower 
body strength (r=0.25, p=0.063), whole body strength (r=0.25, p=0.079), static balance time 
(r=0.18, p=0.075) or tandem walk score (r=-0.12, p=0.254).  
 
3.7 DISCUSSION 
The primary finding from this investigation was that in older adults with MCI, resting 
cognitive performance on a letter fluency task was preserved under dual-task conditions, 
whereas a significant worsening of gait dynamics, both in the magnitude (CV) and time 
course (DFA), was observed. Furthermore, worsening of DFA was found to be associated 
with lower posterior cingulate cortex thickness and aerobic and walking capacity, while 
worsening of stride time variability was associated with smaller hippocampal volume, static 
balance and psychological well-being. In contrast, single-task (seated) cognitive function 
predicted neither gait variability nor gait dynamic changes during dual-tasking. Although 
previous studies [4, 34] have focused on the decrements in gait under dual-task conditions, 
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our study has investigated the effects of dual tasking on cognitive performance in MCI, as 
well as the mediating role of brain morphology and physical/psychological function in MCI. 
 
We observed preservation of cognitive performance while sacrificing gait dynamics under 
dual-task conditions in adults with MCI, which is in agreement with previous studies in 
healthy older adults [35] and adults with Parkinson’s disease [36]. This may in part explain 
why worsening of gait has previously been associated with recurrent fallers [37] and future 
risk of falls [2, 38], and why people with MCI are at a greater risk of falling than their healthy 
counterparts [5].  
 
Potential mediators of dual-tasking deficits 
Brain morphology 
We have reported for the first time that thicker left and total posterior cingulate cortices were 
associated with preservation of DFA during dual-tasking. The posterior cingulate cortex 
contributes to bilateral lower limb coordination [39] and motor imagery [40], thus, posterior 
cingulate thickness reduction with age or MCI could theoretically reduce walking 
coordination and result in a more variable gait, particularly during dual-tasking [41], as we 
observed in relation to DFA. Additionally, the posterior cingulate cortex assists in directing 
the focus of attention [42], which requires information to be integrated [43]. Reduction in 
thickness may impact the ability of the posterior cingulate to function; indeed individuals 
with clinical disorders associated with posterior cingulate cortex abnormalities have difficulty 
regulating the focus of attention [43]. Notably, we have shown that high intensity strength 
training increases posterior cingulate thickness [13] and that this change in posterior cingulate 
thickness is directly associated with the cognitive benefits of the strength training [13]. Future 
investigations are needed to determine whether gait dynamics also improve after robust 
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strength training, and whether such changes are related to changes in brain morphology or 
other adaptations such as muscle strength or balance. 
 
We also report for the first time the novel finding that lower left and total hippocampal 
volume are associated with greater deficits in stride time variability during dual-tasking. 
Individuals with MCI have both a higher stride time variability [44, 45] and a lower 
hippocampal volume [44] than cognitively healthy individuals. Interestingly, higher stride 
time variability has been significantly associated with a lower hippocampal volume in 
cognitively healthy individuals during uninterrupted walking [44], however, unexpectedly 
not in individuals with MCI [44]. The hippocampus contributes to rhythmicity of locomotion 
[46] and is known to atrophy in individuals with MCI faster than in healthy adults [47], which 
supports our observed association between lower hippocampal volume and worse gait 
dynamics during dual-tasking. It has been postulated that greater hippocampal volume may 
compensate for impaired gait dynamics [39] and the hippocampal atrophy of MCI may 
mediate diminished ability to regulate gait dynamics under the stressful condition of dual-
tasking in this cohort.  
 
Thus, our novel results for both posterior cingulate cortex and hippocampus provide strong 
new evidence of associations between brain morphology, cognitive impairment and gait 
variability [48]. We have previously shown that resistance training can significantly increase 
posterior cingulate cortex thickness in MCI, and that this increase is associated with the 
cognitive benefits of the exercise [13]. This suggests potent avenues to investigate 
mechanisms by which exercise may improve gait dynamics in vulnerable cohorts with 
cognitive or other neurological impairment. 
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Physical fitness   
We have shown that higher aerobic capacity and 6-min walking distance are associated with 
better preservation of DFA during dual-tasking. High intensity treadmill training has been 
shown to improve aerobic capacity and cognition in adults with amnestic MCI [49], whereas 
most other low-moderate intensity aerobic interventions have yielded non-significant 
findings in this cohort [50]. Progressive resistance training can also improve aerobic capacity 
and cognitive function, (mediated by muscle strength gains), as we have previously shown 
within this cohort [12]. Notably, given the cross-sectional nature of our analyses, reverse 
causality cannot be excluded. Individuals with a less variable gait may be more likely to walk 
more frequently and thus have a greater aerobic capacity and functional performance 
compared to individuals with a more variable gait pattern. Longitudinal exercise studies are 
required to investigate whether improved aerobic/walking capacity will also improve gait 
variability during single- and dual-task conditions. 
 
Muscle strength was not related to the preservation of either DFA or stride time variability 
during dual-task walking.  This differs from data we previously reported showing that higher 
muscle strength was related to lower variability measures in community-dwelling older adults 
[2] and increased strength predicted less variability in older adults with mild functional 
impairment after a multi-modal exercise intervention [51]. Alternatively, others have reported 
that stride time variability in older adults with higher level gait disorders was not associated 
with muscle strength [21], nor was step time variability improved by a muscle strengthening 
intervention [52]. The above studies only measured gait variability under single-task 
conditions, hence making this study the first to investigate the relationship between strength 
and gait variability under dual-task conditions. Herman and colleagues [21] speculated that 
the lack of association between strength and gait variability in some prior studies was due to 
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the origin of gait variability being pathologic rather than motor-based, suggesting that frontal 
lobe dysfunction not modifiable by strength training may be a cause of gait variability rather 
than muscle weakness, which may support our findings.   
 
Psychological well-being 
The dual-task cost of stride time variability was greater in those with lower psychological 
well-being (SPWB) across the domains of Environmental Mastery, Personal Growth, 
Personal Relations, Purpose in Life and Self-acceptance. These data are in agreement with 
previous evidence suggesting that worse stride time variability is associated with an increased 
fear of falling [21] and fear of falling has been previously associated with physical and mental 
limitations as well as social functioning [53]. Consistent with our findings on psychological 
well-being, depression is a well-known risk factor for falls and hip fractures [54], independent 
from anti-depressant medications, which pose additional fall risk [55]. Whether gait dynamics 
and brain morphology decrements in depression underlie this risk is an important area for 
future investigation, given the known relationship between hippocampal atrophy and 
depression [56] and that our cohort were free from major depression. Additionally, MCI has 
been associated with reduced psychological wellbeing [57] and increased falls [38], 
supporting a potential link between worsened gait dynamics and poor psychological 
wellbeing, but again reverse causality or bi-directional relationships cannot be ruled out. 
 
Limitations 
As noted above, reverse causality could explain some of the study outcomes due to the cross-
sectional study design. Also, as noted, the order of the COWAT assessment and dual-task 
walking was not randomized. The presentation of the “F” word task at rest prior to dual-
tasking may have produced a learning effect, minimizing the observation of cognitive deficits 
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during dual-tasking. Future studies should randomize the sequencing of single- and dual-task 
cognitive performance. Finally, appropriately designed studies are warranted to determine 
which clinical characteristics related to the dual-task cost remain as independent predictors 
following multiple or stepwise regression. 
 
3.8 CONCLUSIONS AND IMPLICATIONS 
Older adults with MCI preserved their cognitive performance at the cost of the variability and 
dynamics of their gait under dual-task conditions. Novel associations were observed between 
worsening of the fractal scaling exponent of gait and posterior cingulate cortical thickness, 
while worsening of stride time variability was associated with lower hippocampal volume. 
Better aerobic and walking capacity, psychological wellbeing and static balance were also 
associated with preservation of gait during a cognitive stressor. Notably, all these factors have 
previously been shown to be modifiable with robust exercise modalities in clinical trials. 
Thus, longitudinal research is required to determine the extent to which gait dynamics are 
also modifiable, and the optimal exercise prescriptions needed to promote optimization of 
gait patterns, and ultimately reduce fall risk in vulnerable cohorts.  
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FIGURE LEGENDS  
 
FIGURE 3.1: Graphed results under single-task and dual-task walking conditions for (a) 
DFA, (b) Stride time variability and (c) Letter fluency. Data for (a) and (c) are presented as 
mean±SD and data for (b) are presented as median (IQR) with all adjusted pairwise. DFA is 
detrended fluctuation analysis fractal scaling exponent.  
 
FIGURE 3.2: Graphed results of gait dynamics and MRI associations for (a) CVCOST and left 
hippocampal volume, (b) DFACOST and left posterior cingulate thickness, and (c) DFACOST 
and total posterior cingulate thickness. CVCOST is the dual-task cost of stride time variability. 
DFACOST is the dual-task cost of DFA, detrended fluctuation analysis fractal scaling 
exponent. Cost variables are calculated by subtracting the single-task from the dual-task.  
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FIGURE 3.1 Gait dynamics and cognitive performance under single-task and dual-task 
walking conditions 
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Data for (a) and (c) are presented as mean±SD and data for (b) are presented as median (IQR) 
with all adjusted pairwise. DFA is detrended fluctuation analysis fractal scaling exponent. 
Higher DFA and lower CV represent a less variable gait.   
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FIGURE 3.2 Relationship between gait dynamics and brain morphology  
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CVCOST is the dual-task cost of stride time variability. DFACOST is the dual-task cost of DFA, 
detrended fluctuation analysis fractal scaling exponent. Cost variables are calculated by 
subtracting the single-task from the dual-task Greater decrements during dual-tasking are 
indicated by more positive CV cost and more negative DFA cost. 
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TABLE 3.1 Participant characteristics   
 
Characteristics Value 
Demographics  
Age (yrs) 70.0 ± 6.8 
Sex: Female (%) 66.7 
BMI (kg/ m2) 26.87 ± 4.89 
Education (yrs) 13 ± 3 
Total alcoholic drinks / week  3 (9) 
Current smoker (%) 2.2 
Ex-smoker (%) 38.7 
Health status  
Medications/day 4 (4) 
Number of chronic diseases (%) 2.9 ± 1.7 
Osteoarthritis (%) 71.0 
Hypertension (%) 40.9 
Diabetes (%) 11.8 
Gout (%) 4.3 
Depressive episodes in the past 5 years 0 (0) 
Habitual gait speed (m/s) 1.22 ± 0.24 
Results reported in mean±SD or Median (IQR); SD=Standard deviation; IQR=Interquartile 
Range; yrs=years; %=percent; BMI=body mass index; kg=kilogram; m= meter; s=second.  
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TABLE 3.2 Factors significantly associated with changes in at least one measure of gait 
variability and dynamics during dual-tasking 
 
Associated factors 
Demographics 
CVCOST DFACOST 
Age (yrs) -0.032 -0.201* 
Psychosocial Assessments   
SPWB Environmental Mastery  -0.276* -0.091 
SPWB Personal Growth -0.217* -0.156 
SPWB Personal Relations -0.258* -0.137 
SPWB Purpose in Life -0.248* -0.064 
SPWB Self-Acceptance  -0.244* -0.002 
SPWB Total Score -0.303* -0.114 
DSSIS (11-33) -0.243* -0.104 
Functional Status and Physical Performance   
VO2 peak (mL/kg/min) 0.037 0.242* 
Best Tandem Walk (s) 0.275* -0.119 
6 Minute Walk Distance (m) 0.050 0.245* 
Brain MRI Thicknesses and Volumes   
Left Hippocampus Volume (mm3) -0.347* -0.184 
Left Posterior Cingulate Cortex Thickness 
(mm) 
0.240 0.228* 
Total Posterior Cingulate Cortex Thickness 
(mm) 
0.246 0.254* 
Results reported as r value; yrs=years; kg=kilograms; m= meters; mL=milliliters; 
min=minutes; s=seconds; mm=millimeters mm3=millimeter cubed, SPWB=Scale of 
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Psychological Well Being; DSSIS=Duke Social Support Index Scale; *=significant p value 
(p<0.05). 
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CHAPTER 4: CONCLUSIONS AND IMPLICATIONS 
 
4.1 CONCLUSIONS 
This thesis has demonstrated a link between cognitive impairment status and the dual-task 
cost of gait dynamics, with a particular focus on modifiable and non-modifiable 
characteristics within this population. The systematic review (Chapter 2) indicated that gait 
dynamics in cognitively impaired older adults are worse when walking under dual-task 
conditions compared to single-task conditions. Additionally, the dual-task cost of gait 
dynamics is larger for cognitively impaired older adults than healthy older adults. The acute 
dual-task study focused on older adults with MCI (Chapter 3) and showed that cognitive 
performance was preserved at the cost of worsening their dual-task gait dynamics. 
Furthermore, significant and biologically plausible associations were identified between 
dual-task gait performance and aerobic capacity, functional performance, psychosocial 
function, and brain morphology.  
 
The systematic review (Chapter 2) was aimed at investigating the effect of dual-task walking 
on changes in gait dynamics, with respect to differences between cognitive pathology 
diagnosis, dual-task paradigms and gait dynamic outcomes in cognitively impaired older 
adults. Additionally, this review aimed to identify potentially modifiable and non-modifiable 
characteristics of gait dynamics in cognitively impaired older adults. The review found that 
gait dynamics are worsened under dual-task conditions compared to single-task conditions in 
older adults with both MCI and dementia. The dual-task costs of gait dynamics are further 
increased in cognitively impaired older adults compared to healthy older adults, with greater 
decrements in gait dynamics observed with more severe cognitive impairment [i.e., 
dementia/Alzheimer’s disease (AD) vs. Mild Cognitive Impairment (MCI)].  
-130- 
 
The review also highlighted major limitations within the current literature. Specifically, the 
studies were too varied in their methodology to determine if there is a superior dual-task 
protocol for measuring gait or falls risk. Studies commonly reported linear measures of gait 
dynamics, however, nonlinear measures were only reported twice. Linear and nonlinear 
measures of gait dynamics use different methods to assess gait and different aspects of 
changes in the gait cycle over time. Both types of outcomes are necessary to fully understand 
gait dynamics and associated factors. Additionally, there are MCI and dementia sub-types, 
e.g., amnestic MCI (a-MCI) and non-amnestic MCI (na-MCI), and Alzheimer’s disease with 
impaired executive function (IEF), extrapyramidal signs (EPS) or frontotemporal dementia 
(FTD). There is limited research within these sub-types, and future research should 
investigate differences between sub-types with larger sample sizes and varying levels of task 
complexity.  Furthermore, falls history and fear of falling were not well documented and thus 
definitive conclusions about relationships between falls risk and dual-task gait dynamics were 
unable to be drawn.  
 
The acute dual-task study (Chapter 3) was aimed at determining the extent of changes in gait 
and the performance of a secondary task during dual-task walking using a linear and nonlinear 
measure of gait. As identified by the systematic review, there are only two previous studies 
published to our knowledge that used nonlinear measures of gait dynamics to quantify the 
cost of a dual-task. Additionally, our study sought to explore associations with dual-task 
performance and to identify any characteristics that may be modifiable via preventative 
therapeutic strategies. These characteristics were identified prior to the study, based on the 
existing literature in healthy older adults, gait performance and dual-task walking [1-5], and 
included strength, aerobic capacity, functional performance, psychosocial function, and brain 
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morphology. Identifying such characteristics associated with dual-task gait performance may 
assist in the development of optimal interventions to reduce gait dynamics under single- and 
dual-task conditions. The results showed that larger hippocampal volume, thicker posterior 
cingulate cortex, higher aerobic and walking capacity, greater psychological wellbeing and 
greater dynamic balance were each associated with preservation of gait during dual-task 
conditions. These factors have previously been shown to be modifiable with robust exercise 
modalities in clinical trials [1, 6]. More research is required to determine the extent of which 
gait dynamics are modifiable to support the creation of strategies to improve gait dynamics 
and reduce falls in older adults with MCI and other conditions associated with gait variability 
and dynamics.  
 
4.2 IMPLICATIONS AND FUTURE DIRECTIONS 
As stated, additional longitudinal research is required to determine the most important and 
modifiable characteristics associated with gait dynamics under dual-task conditions, as we 
cannot attribute causality to the observations we made in our MCI cohort. Dual-task costs 
with regard to gait dynamics have been well characterized, however, which physiological and 
neuropsychological attributes contribute independently and most consistently to increased 
dual-task cost and the future risk of impaired gait dynamics have not been fully defined. If 
modifiable characteristics can be determined, interventions could be developed to target these 
specific characteristics to improve gait performance and reduce risk of falls. Current research 
is being conducted to determine the link between future falls and worse gait dynamics to 
understand what information is needed for clinical assessment in the reduction of falls [7]. 
 
Our results suggest that not only physiological, but psychosocial aspects of aging need to be 
considered in falls risk assessments. A greater dual-task cost of gait dynamics has been 
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associated with lower psychosocial well-being and increased fear of falling [8]. The known 
links between fear of falling and physical and mental limitations, reduced social functioning 
[9], activity restriction, increased anxiety and depression and reduced physical activity levels 
[10] promote the need for clinicians to assess falls risk using a multifactorial assessment tool. 
Additionally, associations between depression and prevalence of dementia have been shown 
[11], which adds further complexity to the relationship between aging, cognition, gait 
dynamics and falling. Thus there is need for clinicians to incorporate a psychosocial 
component to the fall risk battery of assessments to determine current well-being, fear of 
falling and mood.  
 
In the available literature, there is a lack of consensus regarding the methods used to analyze 
gait dynamics [12], which prevents the development of comprehensive recommendations for 
dual-task gait testing procedures for use in clinical practice [7]. The development and 
utilization of consensus guidelines on gait analysis protocols could identify and stratify fall 
risk in cognitively impaired older adults as well as other cohorts at risk [7, 13]. Additionally, 
standardizing research methodologies would improve the overall understanding of dual-task 
gait performance changes [14] and assist in the identification of risk profiled for clinically 
relevant gait dynamics.  
 
A recent review has recommended implementation of combined interventions in order to 
improve overall gait for older adults with MCI or early dementia [15]. The term ‘combined 
intervention’ refers to the inclusion of strength, balance, and functional mobility training, 
along with executive function training [15]. This is concordant with the findings of our acute 
dual-task study (Chapter 3) which highlighted specific characteristics that were associated 
with dual-task gait performance and have also shown to be modifiable with robust exercise 
-133- 
modalities in clinical trials. To adequately determine the modifiable and non-modifiable 
characteristics of dual-task gait dynamics, more well-designed longitudinal studies and 
controlled trials with adequately powered samples are needed, and the independent predictive 
value of the clinical characteristics we identified should be explored in multivariable 
regression or structural equation modelling. Additionally, more longitudinal research is 
required to determine the ideal prescriptions (including exercise and/or other interventions) 
needed to promote optimization of gait patterns under single- and dual-task conditions to 
enhance and preserve mobility and functional independence in older adults, while minimizing 
the risk of falls and related adverse events. 
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